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Like every other branch of natural science founded 
on observation, we observe that the great mixed 
masses of the earth’s crust are arranged in natural 
groups, and that the groups succeed in regular 
order. In describing each group, we follow the 
methods of natural history, whether we describe 
the animal species or their organic content. 
 
                  Adam Sedgwick (1785-1873) 
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ABSTRACT 
 
A global literature survey of 24 worldwide occurring Silurian/Devonian boundary sites and a subsequent 
organic geochemical evaluation of eight of these locations from Turkey, Morocco, Ukraine, Poland as 
well as from the stratotype section in the Czech Republic revealed that the organic matter of sediments 
from the Hazro area (SE Turkey) exhibits a comparatively low thermal stage equivalent to 0.53% Rr. 
Only minor diagenetic effects as well as the outstanding preservation and low thermal maturity of the 
organic matter provided a combined sedimentological and organic geochemical approach to Upper 
Silurian/Lower Devonian sediments from the Dadaş Formation (SE Turkey) in order to reconstruct the 
ancient depositional environment, its changes and the associated biotic response through time.  
 
Ludlovian through Lochkovian strata of SE Turkey are well exposed with a thickness of about 140m in 
the northwestern part of the broadly eroded Hazro Anticline, located 75 kilometres northeast of the city of 
Diyarbakır. The prevailing fine-grained siliciclastic and calcareous sediments were deposited within a 
marine shoreline environment that belonged to a pericontinental shelf platform adjacent to the northern 
margin of Gondwana. Over approximately two million years, an overall oxic environment evolved twice 
from (1) offshore storm affected mid to outer shelf through (2) offshore transition or inner shelf to (3) a 
storm and tide affected shoreface zone, indicating two superimposed progradational processes in the 
range of the 5th order (103 – 105 years) cyclicity. Sediment provenance studies reveal that the detrital 
influx was invariably sourced from high silicic parent rocks of the Mardin-Kahta uplift region, which was 
situated approximately 100 kilometres south of the study area.  
 
Depositional processes in the outer shelf environment (1) took place under low energy conditions which 
led to the accumulation of very fine silt-sized muds settling out of a uniform suspension. Occasionally, 
the sea floor was affected by storm driven currents, transporting coarse silts and brachiopod shells from a 
shallower environment into the offshore zone. Relatively high sedimentation rates hindered disturbance of 
the sea floor by benthic organisms and led to the accumulation of diverse and excellently preserved 
palynomorphs which originated mainly from phyto- and zooplankton. The occurrence of numerous algal 
fragments (phycomata of the genus Tasmanites) in the transition from the outer to the inner shelf zone 
documents a period of high bioproductivity. Due to the gradual drop of relative sea level, the sea floor 
was subjected to more frequent disruptive storms within the inner shelf zone (2). Partly turbulent 
depositional conditions caused a decrease in planktonic activity, whereas the infaunal activity (i.e. the 
benthic and microbial activity) contemporaneously increased. At least for the benthic activity, this trend 
proceeded further in the storm and tide dominated shoreface zone (3), where traces of sinuous tracks and 
vertical burrow systems often occur on wavy to lenticular bedding planes. The environment was affected 
by both storm and tide driven forces as documented by swaley cross stratification, mud drapings and a 
high mineralogical and textural maturity.  
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The two successive progradational sequences of the 5th order were separated from each other by a period 
of non-deposition and erosion, which is reflected by the prominent occurrence of several transgressive lag 
deposits highlighting a sequence boundary. This boundary most likely separates the Silurian from the 
Devonian strata, whereas the Silurian/Devonian boundary (sensu strictu) seems to be not preserved within 
the Dadaş Formation. The change from a siliciclastic dominated environment in the uppermost Silurian to 
a mixed calcareous and siliciclastic environment in the lowermost Devonian indicates a variation in 
provenance due to the relative sea-level change and the subsequent onset of high frequency storm 
episodes, documented by six autocyclic coarsening and shallowing-upward sequences in the range of 6th 
order (102 – 104 years) cyclicity.  
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KURZFASSUNG 
 
Sedimentäre Abfolgen aus dem Silur/Devon-Grenzbereich des Hazro-Gebietes (SO Türkei) zeigen im 
direkten Vergleich zu 7 von insgesamt 24 weltweit evaluierten Grenzvorkommen eine außerordentlich 
geringe thermische Überprägung des eingebetteten organischen Materials von 0,53% Rr äquivalent. Geringe 
Diageneseeffekte sowie die hervorragende Erhaltung und niedrige Reife des organischen Materials 
ermöglichten eine kombinierte sedimentologisch- und organisch-geochemische Analyse zur 
Rekonstruktion des Ablagerungsraums, dessen Variation über die Zeit und der damit verbundenen 
Reaktion der Lebewelt.  
 
In der SO Türkei, ca. 75 Kilometer nordöstlich der Stadt Diyarbakır erhebt sich das Relief der WNW-
OSO streichenden Hazro-Antiklinale. Im nordwestlichen Teil dieser weit erodierten Sattelstruktur treten 
Schichtenfolgen des Ludloviums bis Lochkoviums (Dadaş Formation) mit einer Gesamtmächtigkeit von 
ca. 140m unter besonders guten Aufschlussbedingungen zu Tage.  
Die überwiegend feinkörnigen siliziklastisch und karbonatisch geprägten Sedimente wurden im 
Küstenbereich einer perikontinentalen Schelfplattform am nördlichen Rand von Gondwana abgelagert. 
Zweimal innerhalb eines Zeitraumes von ca. zwei Millionen Jahren entwickelte sich ein allgemein 
sauerstoffreicher Ablagerungsraum von (1) einem sturmbeeinflussten mittleren bis äußeren Schelfbereich 
über (2) eine Übergangszone oder inneren Schelfbereich zu (3) einem sturm- und gezeitenbeeinflussten 
Vorstrandbereich. Das wiederholte Auftreten der genannten Fazieszonen deutet auf zwei übergeordnete 
zyklische Progradationsvorgänge der fünften Ordnung (103–105 Jahre) hin. Untersuchungen zur 
Sedimentherkunft ergaben, dass der detritische Eintrag ausnahmslos von silikatreichen magmatischen 
Gesteinen der etwa 100 Kilometer südlich gelegenen Mardin-Kahta Schwellenregion stammt. 
 
Die Sedimentationsprozesse im äußeren Schelfbereich (1) fanden unter niedrig energetischen 
Bedingungen statt, die eine Ablagerung von sehr feinsiltigen Schlämmen aus einer einheitlichen 
Suspension begünstigten. Sturmbedingte Strömungen transportierten grobe Silte und 
Brachiopodenschalen von der flacheren Küstenzone in den offenen Schelfbereich und beeinflussten somit 
zeitweise den Meeresboden. Relativ hohe Sedimentationsraten verhinderten die Aufwühlung des Bodens 
durch benthische Organismen und führten zur Akkumulation von artenreichen sowie hervorragend 
erhaltenen Palynomorphen, die überwiegend von pflanzlichem und tierischem Plankton stammen. Das 
Auftreten zahlreicher Algenfragmente (Phycomata der Gattung Tasmanites) im Übergang vom äußeren- 
zum inneren Schelfbereich dokumentiert einen Zeitabschnitt erhöhter Bioproduktivität. Im inneren 
Schelfbereich (2) wurde der Meeresboden aufgrund des sukzessiven Meeresspiegelrückgangs immer 
häufiger von Stürmen beeinträchtigt. Die teilweise turbulenten Sedimentationsbedingungen verursachten 
einen Rückgang des Planktons, während gleichzeitig die Aktivität innerhalb der Bodenzone (benthische 
und bakterielle Aktivität) zunahm. Sinusförmig verlaufende Kriechspuren und Anzeichen vertikaler 
Grabgänge auf den gewellten und linsenförmigen Schichtflächen der Sedimente der sturm- und 
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gezeitendominierten Vorstrandzone (3) zeigen an, dass dieser Trend, zumindest hinsichtlich der 
benthischen Aktivität, weiter anhielt. Sedimentstrukturen wie “swaley cross stratification” und “mud 
drapings” sowie eine hohe mineralogische und texturelle Reife dokumentieren im Bereich der 
Vorstrandzone den Einfluss von sturm- und gezeitenbedingten Kräften.             
 
Die beiden aufeinanderfolgenden Verflachungszyklen der fünften Ordnung wurden durch eine Phase der 
Nichtsedimentation und Erosion unterbrochen, die durch das markante Auftreten mehrerer “transgressive 
lag” Ablagerungen widergespiegelt wird und eine Sequenzgrenze markiert. Diese Grenze trennt 
wahrscheinlich die silurischen von den devonischen Schichtenfolgen wobei die Silur/Devon-Grenze 
(sensu strictu) innerhalb der Dadaş Formation nicht erhalten zu sein scheint. Der erhöhte Karbonatanteil 
in den nachfolgenden unterdevonischen Abfolgen deutet auf eine Verlagerung des Sedimentliefergebietes 
im Zuge relativer Meeresspiegelschwankungen hin. Bedingt durch schnell aufeinanderfolgende 
Sturmereignisse, die durch sechs autozyklische Kornvergrößerungs- bzw. Verflachungssequenzen 
sechster Ordnung (102 – 104 Jahre) dokumentiert sind, wurden karbonatreiche Sedimente aus flachen 
marinen Zonen erodiert und weiter beckenwärts resedimentiert.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  VII   
CONTENTS 
 
 
 
Acknowledgements ................................................................................................................................I 
Abstract/Kurzfassung .......................................................................................................................... III 
Contents............................................................................................................................................. VII 
Figure captions ....................................................................................................................................XI 
Table captions ................................................................................................................................... XV 
Abbreviation index...........................................................................................................................XVI 
 
 
 
INTRODUCTION............................................................................................. 1  
1 Fundamentals .................................................................................................. 2 
1.1  Motivation/Objectives .............................................................................................................. 2 
1.2  History of the Silurian/Devonian-boundary standardization.................................................... 3 
1.3  Geochronology ......................................................................................................................... 6 
1.4  The Earth 417 Ma ago: the view from the global scale ........................................................... 7 
1.4.1  Continental plate motions throughout the Early Paleozoic period................................. 7 
1.4.2  Paleogeographic situation during the Silurian/Devonian boundary time....................... 8 
1.4.3  Climate and chemical composition of the Earth’s atmosphere ...................................... 9 
1.4.4  Paleoecology ................................................................................................................ 10 
 The marine biosphere ................................................................................................... 10 
Colonization of land areas............................................................................................ 11 
 
2 Samples and methods .................................................................................... 12 
2.1  Samples .................................................................................................................................. 12 
2.2 Sedimentary petrology............................................................................................................ 13 
2.2.1 Preparation and staining of thin-sections ..................................................................... 13 
2.2.2 Light microscopy ......................................................................................................... 13 
2.2.3 Neutron activation analysis .......................................................................................... 13 
2.2.4 Inductively coupled plasma mass spectrometry........................................................... 14 
2.2.5 Isotope mass spectrometry ........................................................................................... 14 
2.2.6 X-ray diffraction analysis and mineral phase quantification........................................ 15 
2.2.7 Laser-diffraction size analysis...................................................................................... 16 
Contents    
 VIII  
  
 Peak separation of bimodal particle-size distribution curves ....................................... 18 
 The method of moments............................................................................................... 18 
2.2.8 Magnetic susceptibility ................................................................................................ 19 
2.2.9 Sediment classification................................................................................................. 20 
2.3 Organic geochemistry............................................................................................................. 21 
2.3.1 Determination of elemental carbon and sulphur .......................................................... 21 
2.3.2 Rock-Eval Pyrolysis..................................................................................................... 21 
2.3.3 Extraction of soluble organic matter ............................................................................ 22 
2.3.4 Separation of soluble organic matter into compound classes....................................... 22 
2.3.5 Gas chromatography of the saturated fraction ............................................................. 23 
2.3.6 Gas chromatography – mass spectrometry of the saturated fraction............................ 23 
2.3.7 Isolation of algal-derived kerogen................................................................................ 23 
2.3.8 Pyrolysis-gas chromatography of algal-derived kerogen ............................................. 24 
 
3 Preselection of suitable locations .................................................................. 26 
3.1  Literature inquiry.................................................................................................................... 26 
3.1.1  Armorican Terrane Assamblage................................................................................... 26 
Austria, Italy, Spain 
3.1.2 Avalonia ....................................................................................................................... 27 
Germany, England 
3.1.3 Baltica .......................................................................................................................... 27 
Poland, Ukraine (Podolia) 
3.1.4 Gondwana .................................................................................................................... 28 
Morocco, Turkey, Algeria, Australia, People’s Republic of China, Argentina 
3.1.5 Laurentia ...................................................................................................................... 30 
United States of America, Canada 
3.2 Organic geochemical evaluation of potential sites ................................................................. 32 
 
4 Geology of the study area ............................................................................. 36 
4.1 Paleozoic stratigraphy of the Hazro Anticline........................................................................ 38 
4.2 The Silurian/Devonian exposure in the Fetlika valley,  
northwestern part of the Hazro Anticline ............................................................................... 39 
 
 
 
 
Contents   
 IX  
 
RESULTS AND DISCUSSION ..................................................................... 43  
5 Sedimentology............................................................................................... 44 
5.1 Lithostratigraphic record of the Fetlika outcrop section......................................................... 44 
5.1.1 Microfabrics and sedimentary structures ..................................................................... 46 
5.1.2 Bulk mineralogical composition .................................................................................. 55 
5.1.3 Trace and rare earth element variation ......................................................................... 62 
5.1.4 Detrital texture ............................................................................................................. 67 
5.1.5 Magnetic susceptibility ................................................................................................ 77 
5.1.6 Carbon and oxygen isotopic compositions of limestones and dolostones ................... 79 
5.2 Lithostratigraphic record of the Fetlika-I borehole ................................................................ 81 
5.2.1 Microfabrics and sedimentary structures ..................................................................... 83 
5.2.2 Bulk mineralogical composition .................................................................................. 88 
5.2.3 Variation of redox-sensitive trace elements ................................................................. 93 
5.2.4 Detrital texture ............................................................................................................. 98 
5.3 Correlation of outcrop and borehole Fetlika......................................................................... 103 
5.4 Definition of lithofacies types .............................................................................................. 106 
5.4.1  Shale facies ................................................................................................................ 106 
5.4.2 Dolo-allochemic siltstone facies ................................................................................ 107 
5.4.3 Dolomitic sandstone facies ........................................................................................ 107 
5.4.4 Dolo-allochemic limestone facies ............................................................................. 108 
5.4.5 Dolo-micritic siltstone facies ..................................................................................... 108 
5.4.6 Silty/sandy micrite and dolomite facies ..................................................................... 108 
 
6 Organic geochemistry ................................................................................. 109 
6.1 Characterisation of organic matter from Fetlika outcrop samples........................................ 109 
6.1.1 Quantity, type, and thermal maturity of organic matter ............................................. 109 
6.1.2 Yield and relative composition of soluble organic matter.......................................... 115 
6.1.3 Acyclic alkanes and isoprenoids ................................................................................ 118 
6.2 Characterisation of organic matter from the Fetlika-I borehole ........................................... 122 
6.2.1 Quantity, type, and thermal maturity of organic matter ............................................ 122 
6.2.2 Yield and relative composition of soluble organic matter.......................................... 126 
6.2.3 Acyclic alkanes and isoprenoids ................................................................................ 130 
6.2.4 Cyclic alkanes (tri-, tetra-, pentacyclic triterpanes and steranes) .............................. 135 
Organic matter source ................................................................................................ 139 
Paleoenvironmental indicators ................................................................................... 144 
Contents   
 X  
 
6.2.5 Molecular characterisation of algal-derived kerogen................................................. 146 
6.3. Definition of organofacies types........................................................................................... 152 
6.3.1 Algal-derived marine OM .......................................................................................... 152 
6.3.2 Bacteria-dominated degraded marine OM ................................................................. 152 
 
 
CONCLUSIONS............................................................................................ 153 
7 Geo- and biodynamic evolution of individual environments ..................... 154 
7.1 Paleogeographic situation and applied facies model ............................................................ 154 
7.1.1  Offshore mud-dominated shelf or mid to outer shelf ................................................. 155 
7.1.2 Storm influenced offshore-transition or inner shelf ................................................... 157 
7.1.3 Tide and storm influenced shoreface.......................................................................... 157 
7.1.4 Transgressive system.................................................................................................. 159 
7.1.5 Offshore mud-dominated shelf .................................................................................. 159 
7.1.6 Rhythmic storm dominated offshore-transition or inner shelf ................................... 160 
7.1.7 Storm dominated shoreface........................................................................................ 164 
7.2 Considerations concerning the Silurian/Devonian-boundary  
in the Hazro area (SE Turkey).............................................................................................. 166 
 
 
REFERENCES .............................................................................................. 169 
 
APPENDIX .................................................................................................... 189 
 
 
 
 
 
  XI 
FIGURE CAPTIONS 
 
Fig. 1.1.  Geolological sketch-map of SW England with the type localities  
  of four Paleozoic systems (Cambrian, Ordovician, Silurian and Devonian)........................ 3 
Fig. 1.2.  The compromise of S/D-B definition between British (A)  
  and Central European (B) stratigraphers (after HOLLAND, 1990)........................................ 5 
Fig. 1.3.  Present day situation of the Early Paleozoic  
  continents and micro-plates (TAIT et al., 1997).................................................................... 7 
Fig. 1.4.   Paleogeographic reconstructions throughout the Ordovician  
  after TAIT et al. (1997).......................................................................................................... 7 
Fig. 1.5.   Paleogeographic reconstruction for the S/D-B time (TAIT, 2000) ...................................... 8 
Fig. 1.6.   Global paleoclimate map of the Late Silurian from SCOTESE (2002) .................................. 9 
Fig. 1.7.   Complex causalities and interactions between the evolution of vascular land  
  plants and the global environmental system (WALLISER in KALJO, 1996) ........................ 11 
Fig. 2.1.  Comparison between neutron activation analysis (NAA)  
  and inductively coupled plasma-mass spectrometry (ICP-MS) ......................................... 14 
Fig. 2.2.   Comparison between different methods of carbonate determination ................................. 15 
Fig. 2.3.  Treated siliciclastic fraction of sample B17 from the Fetlika outcrop .............................. 16 
Fig. 2.4.   Cumulative particle size distributions of the certified reference date (solid lines)  
  and of the laser measured values (dashed lines) from the BCR samples ........................... 17 
Fig. 2.5.  Gaussian peak fitting .......................................................................................................... 18 
Fig. 2.6.  Classification procedure for mixed siliciclastic and carbonate  
  sediments (MOUNT, 1985).................................................................................................. 20 
Fig. 2.7.  Schematic Rock-Eval pyrogram......................................................................................... 21 
Fig. 2.8.  Schematic sketch of the liquid chromatographic separation, modified  
  after WILLSCH et al. (1997) ................................................................................................ 22 
Fig. 2.9.  Flow chart of analysis methods applied in this study......................................................... 25  
Fig. 3.1.  HI/Tmax plot after ESPITALIÉ (1985). .................................................................................. 35 
Fig. 4.1.  The northern part of the Arabian plate and its tectonic framework  
  (TEMPLE & PERRY, 1962) .................................................................................................. 36 
Fig. 4.2.  Geologic map of southeast Anatolia with the main tectonic units (YILMAZ, 1993) .......... 37 
Fig. 4.3.  The generalised Paleozoic sedimentary sequences of the Hazro uplift area 
  (adopted from BOZDOĞAN, pers. com.).............................................................................. 40 
Fig. 4.4.  Geological sketch map and cross sections from the western part of the  
  Hazro Anticline (redrawn after LEBKÜCHNER, 1976 and BOZDOĞAN, pers. com.) ........... 41 
Fig. 5.1.  Lenticular and flaser bedded sandstones from the lower part (a) and  
  rhythmical alternations of (nodular) limestone beds and siliciclastic  
  interbeds from the upper part of the Fetlika outcrop section (b). ....................................... 44 
Fig. 5.2.  Lithostratigraphic record of the Fetlika outcrop section .................................................... 45 
Fig. 5.3.  Stained thin-section photograph of the microconglomerate from bed no. a02 (MF-1)...... 47 
Fig. 5.4.  Stained thin-section photograph of the bioclastic layer from bed no. 02 (MF-2) .............. 48 
Figure captions   
 XII 
Fig. 5.5.  Stained thin-section photograph of limestone bed no. 02a  (MF-3a) ................................. 50 
Fig. 5.6.  Stained thin-section photograph of limestone bed no. 05  (MF-3a) ................................... 51 
Fig. 5.7.  Stained thin-section photograph of bed no. 11 (MF-3b) .................................................... 52 
Fig. 5.8.  Stained thin-section photograph from the lower six centimetres of bed no. 33 (MF-3c)... 53 
Fig. 5.9.  Evolution of bulk mineralogical constituents from the Fetlika outcrop samples ............... 56  
Fig. 5.10. Representative x-ray diffraction patterns of the bulk samples ........................................... 58  
Fig. 5.11.  Variation of extrabasinal or detrital input .......................................................................... 60  
Fig. 5.12.  REE and Th distributions of the Fetlika outcrop samples .................................................. 62 
Fig. 5.13.  Plots of percent residue vs. absolute REE concentrations.................................................. 64 
Fig. 5.14.  Trace and REE data of 42 Fetlika outcrop samples on the La/Sc vs. Th/Co  
  plot (a) and on the Th-Sc-La diagram (b)........................................................................... 66 
Fig. 5.15. Hierarchical cluster analysis of measured grain-size distributions  
  from the Fetlika outcrop section......................................................................................... 68 
Fig. 5.16. The contour plot of iso-frequency curves versus the samples level ................................... 71  
Fig. 5.17. Mode and sorting values of the unimodal and bimodal  
  coarse/fine fractions vs. samples levels.............................................................................. 73 
Fig. 5.18. The variability diagram after TANNER (1979).................................................................... 74 
Fig. 5.19. C/M charts after PASSEGA (1964) from the Fetlika outcrop samples................................. 76 
Fig. 5.20. Magnetic susceptibility curves from the upper interval of the Fetlika outcrop.................. 78 
Fig. 5.21. Carbon – oxygen isotope compositions of limestones and dolostones from  
  the Fetlika outcrop.............................................................................................................. 80 
Fig. 5.22. Core photograph of a bedding plane with abundant brachiopod shells  
(a) and a bioturbated bedding plane as well as a vertical view upon  
a sandstone succession (b).................................................................................................. 81 
Fig. 5.23. Lithostratigraphic record of the Fetlika-I borehole from –86m to –42m ........................... 82 
Fig. 5.24. Stained thin-section photograph from sample CFe23 (MF-4)............................................ 84 
Fig. 5.25. Stained thin-section photograph from sample CFe32 (MF-5)............................................ 85 
Fig. 5.26. Stained thin-section photograph from sample CFe63 (MF-6)............................................ 86 
Fig. 5.27. The evolution of the bulk mineralogical constituents from  
  the Fetlika-I core interval between –86 and –42m. ............................................................ 89 
Fig. 5.28. Variation of extrabasinal or detrital input from the investigated Fetlika-I core ................. 91  
Fig. 5.29. Redox-sensitive trace elements versus depth ..................................................................... 93  
Fig. 5.30. Bivariate plots of redox-sensitive trace metals versus the acid-insoluble residue.............. 95 
Fig. 5.31. Redox-sensitive indices from the Fetlika-I core samples................................................... 96 
Fig. 5.32. Hierarchical cluster analysis, derived from measured grain-size  
 distributions of the investigated Fetlika-I core section....................................................... 99 
Fig. 5.33. Mode and sorting values of coarse/fine grain-size fractions vs. samples levels .............. 101 
Fig. 5.34. C/M charts after PASSEGA (1964) from the Fetlika-I core samples ................................. 102 
Fig. 5.35. Lithostratigraphic cross correlation between borehole and outcrop................................. 104 
Figure captions   
 XIII 
Fig. 5.36. Mineralogical cross correlation between borehole and outcrop....................................... 105 
Fig. 5.37. Relative composition of the major sediment components from the 
  Fetlika outcrop.................................................................................................................. 106 
Fig. 5.38. Hand specimen with sinuous tracks (Thalassinoides) on the lower bedding plane ......... 107 
Fig. 6.1.  Variation of the whole-rock TOC contents (a) and the carbonate-free  
  calculated TOC contents (b) throughout the examined Fetlika outcrop section .............. 109 
Fig. 6.2.  Organic geochemical log of the Fetlika outcrop samples................................................. 111 
Fig. 6.3.  Rock-Eval pyrograms of non-impregnated- and asphaltene stained  
  samples from the Fetlika outcrop ..................................................................................... 112 
Fig. 6.4.  S2 vs. TOC graph of the autochthonous organic matter from the  
  Fetlika outcrop samples (after LANGFORD and BLANC-VALLERON, 1990) ..................... 114 
Fig. 6.5.  Profiles of soluble organic matter (SOM) yield ............................................................... 115 
Fig. 6.6.  Bulk compositional variation of SOM from the upper part of the Fetlika outcrop .......... 117  
Fig. 6.7.  Capillary gas chromatograms of saturated hydrocarbon fraction for rock samples 
  from the Fetlika outcrop ................................................................................................... 119 
Fig. 6.8.  Concentrations of n-C15 to n-C31 odd n-alkanes and LHCPI for the upper part of 
  the Fetlika outcrop............................................................................................................ 120 
Fig. 6.9.  Variation of whole-rock TOC contents for the investigated Fetlika-I core interval......... 122 
Fig. 6.10. Organic geochemical log of the Fetlika-I core samples ................................................... 124 
Fig. 6.11.  S2 vs. TOC graphs of the autochthonous organic matter from the Fetlika-I core 
   interval............................................................................................................................. 125 
Fig. 6.12. Depth related variation of SOM from samples of the Fetlika-I core interval................... 126 
Fig. 6.13. Bulk compositional variation of SOM from the Fetlika-I core interval ........................... 128 
Fig. 6.14. Relative bulk composition of SOM from a Posidonia Shale maturity sequence from  
  the Hils Syncline (NW Germany) and from S/D sediments of the Hazro area ................ 129 
Fig. 6.15. Capillary gas chromatograms of saturated hydrocarbons for rock  
  samples from the Fetlika-I core interval........................................................................... 130 
Fig. 6.16. Ratios of pristane/n-C17 and phytane/n-C18 and the light hydrogen preference index  
  (LHCPI) for rock samples from the Fetlika-I core interval .............................................. 132 
Fig. 6.17. Phytol diagenesis under oxidising or reducing bottom water conditions ......................... 133  
Fig. 6.18. Plot of pristane/n-C17 vs. phytane/n-C18 for Fetlika outcrop- and core samples............... 134 
Fig. 6.19. Representative m/z 217 (steranes) and m/z 191 (hopanes) mass fragmentograms ........... 136 
Fig. 6.20. Conversation of sterol/bacteriohopanetetrol to sterane/hopane during burial .................. 138 
Fig. 6.21. Triangular diagram of C27, C28 and C29 regular steranes .................................................. 140 
Fig. 6.22. Sterane/17α(H)-hopane ratio versus depth....................................................................... 141 
Fig. 6.23.  Bivariate plot between hopane/(hopanes+steranes) and Mn-concentrations.................... 142 
Fig. 6.24. C35-homohopane index versus pristane/phytane ratio ...................................................... 144 
Fig. 6.25. Organic residue from a Fetlika outcrop sample after artificial etching and sieving......... 146 
Fig. 6.26. Live cycle of the modern prasinophyte Pterosperma.......................................................147 
Fig. 6.27. Pyrolysis-GC-FID trace of handpicked Tasmanites individuals from sample CFe21...... 148 
Figure captions   
 XIV 
Fig. 6.28. Pyrolysate compositions of various Tasmanites samples................................................. 150 
Fig. 7.1.  Schematic shoreline – shallow marine profile.................................................................. 154 
Fig. 7.2.  Relationship between organic carbon values and sedimentation rates 
  In oxic and anoxic environments (after STEIN et al., 1986) ............................................. 156 
Fig. 7.3.  Photograph of a tidal channel and schematic origination of mud drapes 
  (after EINSELE, 2000) ....................................................................................................... 158 
Fig. 7.4.  Evolution of detrital sensitive markers for the upper calcareous part of the 
  Fetlika outcrop.................................................................................................................. 161 
Fig. 7.5.  Depositional processes and products of the shoreline environment 
  (after HAMPSON & STORMS, 2003) .................................................................................. 162 
Fig. 7.6.  Relationship between particle-size distributions and total organic carbon contents ........ 163 
Fig. 7.7.  Generalised stratigraphy of the sedimentary sequences from the Hazro area 
  and reconstructed geo- and biodynamic evolution ........................................................... 165 
 
 
 
 
 
  XV 
TABLE CAPTIONS 
 
 
Tab. 1.1.  Examples of geological ages for the S/D-B ......................................................................... 6  
Tab. 2.1.  Analysis methods and number of samples ......................................................................... 12 
Tab. 2.2.  Colour reaction of carbonates, treated with a solution of  
  alizarin red-S and potassium ferricyanide .......................................................................... 13 
Tab. 2.3.  The comparison of statistical moment measures from several BCR standard samples ..... 17 
Tab. 2.4.  Terms used to describe the sorting values.......................................................................... 19 
Tab. 2.5.  Terms used to describe the skewness values ...................................................................... 19 
Tab. 3.1.   Predominant lithology, amount of samples, carbonate content as well as  
  the amount, quality and thermal maturity of OM from evaluated S/D-B sequences ......... 34  
Tab. 5.1.  Comparison of the ranges of elemental ratios of samples from this study, MCS,  
  PAAS, and the ranges of soils and stream sediments derived from granite  
  and basic sources (adopted from CULLERS, 2002) ............................................................. 65 
Tab. 5.2.  Textural characteristics of the six main grain-size groups from the Fetlika outcrop ......... 69 
Tab. 5.3.  Textural characteristics of the Fetlika-I core samples ...................................................... 100 
Tab. 6.1.  Organic geochemical bulk parameters from whole-rock samples and 
  from carbonate-free extract residues ................................................................................ 113 
 
 
 
 
  XVI 
 ABBREVIATION INDEX 
 
 
ATA    Armorican Terrane Assemblage 
Ap   Apatite 
B X   Bed (X = number) 
BCR   Community Bureau of References  
C   1st Percentile 
Cal   Calcite 
CFe X   Core Fetlika (X = sample number) 
CPI   Carbon Preference Index  
DFG   Deutsche Forschungsgemeinschaft 
DOP   Degree of Pyritisation 
Dol   Dolomite 
DS   Discontinuity Surface 
EI   Electron Impact Mode 
FID   Flame Ionisation Detector 
Fig.   Figure 
GC   Gas Chromatography 
GC-MS   Gas Chromatography – Mass Spectrometry 
GSSP   Global Boundary Stratotype Sections and Points 
HC   Hydrocarbons 
HCl   Hydrochloric acid 
HF   Hydrofluoric acid 
HI   Hydrogen Index  
HMPLC   Hetero Medium Pressure Liquid Chromatography 
ICP-MS   Inductively Coupled Plasma Spectrometry – Mass Spectrometry 
ICS   International Commission on Stratigraphy 
I X/Y   Interbed between bed X and bed Y 
Kaol   Kaolinite 
LHCPI   Low versus high carbon preference index 
m/z   mass/charge 
M   Median 
Ma   Million years 
MCM   Massif Central Moldanubian Ocean 
MCS   Mid-Continent Shales of Pennsylvanian to Permian age 
MF   Microfacies type 
Abbreviation index    
 XVII 
MID   Multiple Ion Detector 
MPLC   Medium Pressure Liquid Chromatography 
MRM   Multiple Reaction Monitoring 
MS   Magnetic Susceptibility 
MSD   Mean Standard Deviation 
NAA   Neutron Activation Analysis 
NASC   North-American Shale Composite 
NSO   Nitrogen, Sulphur, Oxygen  
OM   Organic Matter 
Ort   Orthoclase 
PAAS   Post-Archean average Australian Shales 
PDB  Isotopic standard (Bellemnitella americana, Cretaceous Peedee 
Formation) 
pH   negative logarithm of the hydrogen ion (H+) concentration 
PI   Production Index 
ppm   parts per million 
pers. com.   personal communication 
Pyr   Pyrite 
REE   Rare Earth Elements 
Rr   Random vitrinite reflectance 
S1   Volatile Hydrocarbons  
S2   Hydrocarbons derived from the cracking of kerogen 
SCS   Swaley cross stratification 
S/D-B   Silurian/Devonian Boundary 
S/D   Silurian/Devonian 
SE   Southeast 
Tab.   Table 
TC   Total Carbon 
TE   Trace Elements 
TIC   Total Inorganic Carbon 
Tmax  Temperature at which thermal cracking of kerogen releases the 
maximum amounts of hydrocarbons 
TOC   Total Organic Carbon 
TS   Total Sulphur 
UCM   Unresolved Complex Mixture 
wt.-%   weight percent 
XRD   X-ray diffraction
   
 
 1 
 
 
 
 
 
 
 
 
 
 
INTRODUCTION 
 2 
 
1   Fundamentals 
 
1.1 Motivation and objectives 
 
This study is part of the “Silurian/Devonian-Boundary Project” (S/D-B project) within the framework 
of the DFG Research Focus Programme “Evolution of the system Earth during the Upper Paleozoic as 
reflected by sedimentary geochemistry, SPP 1045”. The aim of the project is to clarify whether the 
uppermost Silurian to lowermost Devonian sequences document a global event scenario or just a 
continuous evolutionary changeover. 
 
From the paleoecologic point of view, the transition from Silurian to Devonian time is characterised 
by several minor short-term bioproductivity phenomena as the explosive growth event of a group of 
large crinoids, the Scyphocrinitidae (WALLISER, 1996) and mass occurrences of prasinophycean algae 
which have been recorded by TAUGOURDEAU-LANTZ (1979) from North Africa. Unlike these 
bioproductivity shifts, other marine organisms such as the floating graptolites were affected by an 
extinction event (i.e. Monograptus transgrediens event). WALLISER (1996) described the oceanic 
faunal change at the S/D-B in comparison with foregoing Silurian bioevents as a minor, relatively 
gradual but globally traceable event. Based on stable carbon isotope compositions, many authors 
described a positive δ13C excursion from marine carbonates of more than 5‰ (ANDREW et al., 1994; 
HLADIKOVA et al., 1997), which appears to be among the largest well-documented events in the 
Paleozoic (SALTZMAN, 2002). However, it seems that something did change during the transition 
between both periods but its causes, driving forces and local or global effects are still under debate.   
 
As a part of the “DFG Schwerpunktprogramm 1045” and in conjunction with its prime objective 
(BUGGISCH, 2001) the objective of this dissertation is to gain more insights about the geo- and 
biodynamic evolution during the Silurian/Devonian changeover and thus to contribute to a better 
understanding of the interaction between geosphere and biosphere. This concretely implies a study, 
based on detailed sedimentological and organic-geochemical investigations, which help to reconstruct 
the ancient sedimentary environment, its changes through the focused time window and the therewith-
associated biotic response.   
 
The following three main topics should be worked out:  
(1) Evaluation of a S/D-B site, fulfilling the demands of a combined sedimentological and organic 
geochemical approach (i.e. undisturbed sedimentary successions that exhibit preferably detectable 
and well-preserved indigenous OM of low thermal maturity)  
(2) Identification of the depositional model and associated sedimentary processes  
(3) Characterisation of the embedded OM and its relative variation through time 
In order to reveal a synthesis of points (2) and (3) it is necessary to discuss both in a concluding 
chapter. 
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1.2  History of the Silurian/Devonian-boundary standardization  
In 1839 Sir Roderick Impey Murchison and Adam Sedgwick, two famous British geologists of the 19th 
century and pioneers of the development of Paleozoic stratigraphy, defined the limestone sequence in 
Devonshire and Cornwall together with the Old Red Sandstone strata of Wales, based on their 
distinctive fossil assemblage, as Devonian system, named after Devonshire, England (Fig. 1.1). 
Murchison believed that the underlying yellow micaceous sandstone of south Wales, called tilestone, 
was the transition between his formerly proposed Silurian sequences, which he has named after the 
Welsh borderland tribe the Silurs, and the Old Red Sandstone (IVANOVSKIY, 1965). Later in 1845, he 
suggested that the upper boundary of the Silurian System should be fixed at the top of the tilestone, 
perhaps because of the similarity to the underlying Downtown Castle Sandstone, which he had 
previously taken as the top of the Silurian (HOLLAND, 1990).  
 
 
 
After decades of discussion about the line of junction between the two Systems in Britain, WHITE 
(1950) suggested the Ludlow Bone Bed (at Ludlow, Shropshire) as the base of the Old Red Sandstone. 
This S/D-B bed was confirmed for Britain later on by various authors (e.g. HOLLAND, LAWSON et al., 
1959; STRAW, 1962). However, a fundamental problem was that in the British S/D type areas there is 
no continuous transition between the continental Silurian rocks in the Welsh borderland and the 
marine Devonian sediments of Devonshire (HOLLAND, 1962).  
 
Fig. 1.1. Geological sketch-map of SW
England with the type localities of
four Paleozoic systems (Cambrian,
Ordovician, Silurian and Devonian).  
The Cambrian System was defined in
NW Wales by Adam Sedgwick in 1835,
whereas R.I. Murchison defined at the
same time the Silurian System in the
Welsh borderland. Four years later, they
named together the Devonian system by
studying the marine Sequences of
Devonshire (DUNBAR & WAAGE, 1969,
Fig.10-4, p.213)  
b
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Because the Ludlow Bone Bed boundary is primarily a facies boundary, there was the problem of how 
to define the S/D-B in other localities with a varying sedimentary facies. The first concerted efforts to 
solve the problems of correlation at the S/D-B took place in Prague in the 1958 (Prager Arbeitstagung 
über die Stratigraphie des Silurs und des Devons, SVOBODA, 1960) and later on at the Bonn-Brussels 
meeting of 1960 (2. Internationale Arbeitstagung über die Silur/Devon-Grenze und die Stratigraphie 
von Silur und Devon, ERBEN, 1962). During the latter meeting, the first evidence emerged that the last 
graptolites did not disappear at the end of the Silurian but still continued in strata equivalent to early 
Devonian stages (HOLLAND, 1990). As a result of these two meetings, a “Committee on the Silurian-
Devonian Boundary” was accepted in 1960 by the International Commission on Stratigraphy (ICS), 
with the objective to make recommendations concerning a boundary between the two systems 
(MCLAREN, 1977). In 1968, the committee recommended the following two important points 
concerning to the S/D-B definition, which were accepted shortly afterwards by the International 
Commission:  
1) The boundary between the Silurian and Devonian System shall be chosen in relation to the base 
of the Monograptus uniformis PRIBYL Zone.  
2) The Committee on the Silurian-Devonian Boundary shall proceed to study localities where a 
suitable boundary-stratotype may be defined in accordance with proposal 1), and to make a 
further recommendation to the Commission on Stratigraphy on an agreed locality and horizon.  
 
The reasons for choosing the base of the Monograptus uniformis Zone, especially for the Barrandian 
area, were already given by BOUČEK et al. (1967). They can be summarized as follows:  
- The graptolite fauna is attended by rich associations of other organisms, e.g. Conodonts (Icriodus 
woschmidti), Trilobites (Warburgella rugulosa ALTH) and Crinoids (Scyphocrinus elegans 
ZENKER), which provide very good auxiliary means for long distance correlations. 
- The base of the M. uniformis Zone marks a notable change of evolutionary branches. 
- The M. uniformis Zone as S/D-B level provided the best possible compromise among the different 
stratigraphic opinions of the involved scientists (Fig. 1.2). British stratigraphers had to place the 
boundary somewhat higher, whereas the Central European colleagues had to lower their traditional 
level (HOLLAND, 1986). 
 
In the following years (1969-1971), the Committee on S/D-B worked out 16 preliminary submissions 
from the Barrandian area, Czechoslovakia; Royal Creek, Yukon Territory, Canada; Podolia, former 
USSR; Carnic Alps, Austria; Kazakhstan, former USSR; Tien-Shan, former USSR; Les Caines 
d´Ougarta, Algerian Sahara; Holy Cross Mountains, Poland; Roberts Mountains, Nevada, USA; 
Gaspé, Quebec, Canada; Canadian Arctic Archipelago, Eastern Australia; Northwest Thailand; 
Aragon, Spain and the Rabat-Tiflet area in Morocco in order to find suitable localities for the 
Stratotype definition. After several excursions to those areas, the Committee decided in 1970 to       
preselect Podolia, Czech Republic, Nevada and Morocco for the potential boundary stratotype area.  
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The model-section for the international boundary definition should require primary physical 
characteristics such as continuous sedimentation, absence of postdepositional disturbance, possibly 
diverse facies recognizable on all paleocontinents, geographical accessibility, and the possibility of 
preservation of the section. With respect to these important criteria, the Committee voted after the 
Moroccan meeting in 1971 in favour of the Barrandian as type area with the outcrop Klonk near the 
village Suchomasty, Prague Basin, as international type section. The precise physical boundary 
horizon which defines the base of the Devonian (base of the Lochkovian stage) and not the top of the 
Silurian was fixed in the upper part of bed no. 20 (CHLUPÁČ, 1969), immediately below the first 
appearance of Monograptus uniformis. At this point, it should be mentioned that the decision 
generated discussion, because some members of the committee felt, that fixing the boundary within a 
few centimetres thick bed, representing a single turbidite cycle (DAVIES & MCQUEEN, 1977) was 
pedantic and scarcely realistic (MCLAREN, 1977). However, the committee voted with a majority of 
23 to 7 members for the S/D-B horizon within bed 20. During the International Geological Congress 
in Montreal (1972), the committee on the S/D-B presented the results to the International Commission 
on Stratigraphy. Its final recommendations were approved later on by the International Union of 
Geological Sciences.  
 
 
Fig. 1.2. The compromise of S/D-B definition between British (A) and Central European (B) stratigraphers (after 
HOLLAND, 1990). The boundary layer is defined at the Klonk-outcrop (Prague Basin) in the upper level of bed 
No. 20 (C, this study), with the first occurrence of Monograptus uniformis (in the thin-section not visible) 
 
This procedure of fixing the lower limit of the Devonian system in a global context displays the initial 
stage of defining Global Boundary Stratotype Sections and Points = GSSP (COWIE et al., 1986). Until 
today, various Subcommissions of the ICS have defined more than 40 boundary stratotypes over the 
whole Phanerozoic.  
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1.3 Geochronology 
The term Geochronology (sensu lato) deals with all methods of assessing the age of events. Therefore, 
absolute (chronometric) time measurements of rocks are used to calibrate the relative (chronostratic) 
time scale, producing an integrated geochronologic time scale (HARLAND et al., 1990). As outlined in 
chapter 1.2, the base of the Devonian System or the S/D global stratigraphic boundary is defined 
formally by the GSSP Klonk within the upper level of bed number 20. Radiometric dating of such 
boundary layers is often problematical due to the general lack of rocks (e.g. volcanic material) suitable 
for absolute dating. In addition, biostratigraphic correlation is not necessarily time-correlation because 
homotaxy between samples may result from other causes than equal age (e.g. changes in depositional 
facies, preservation of fossils, biogeographic differences) (MURPHY & SALVADOR, 1999). Only 
combined approaches of all possible lines of evidence, detected for example by lithology, 
paleontology, paleoclimatic change, paleogeography and eustatic changes in sea level, unconformities, 
orogenies and isotopic age determinations can lead to an “approximated” global geochronologic scale. 
Many attempts have been made to date the S/D-B (e.g. BOTTINO and FULLAGAR, 1966, JONES et al., 
1981; TUCKER et al., 1998). In most cases, the results can be taken from geochronologic time scales, 
published by various geological societies (Tab. 1.1).  
 
Tab. 1.1. Examples of geologic ages for the S/D-B and the below and above following stage-boundaries with 
their relative duration times respectively 
 
  base Přidoli Přidoli base Lochkovian Lochkovian base Pragian 
Reference Age [Ma] Duration [Ma] S/D-B - Age [Ma] Duration [Ma] Age [Ma] 
Jones et al. (1981) 405 4 401 5 396 
NDS (Odin, 1982) -- -- 400 15 385 
GTS (Harland et al., 1982) 414 6 408 21 387 
DNAG (Palmer, 1983) 414 6 408 21 387 
CGR (Snelling, 1985) 414 2 412 21 391 
Haq & van Eysinga (1987) 415 5 410 20 390 
GTS (Harland et al., 1990) 410.7 2.2 408.5 12.2 396.3 
Fordham (1992) 418.5 10 408.5 12.5 396 
COSUNA (Salvador, 1985) 408.5 3.5 405 5 400 
ISC (Gradstein & Ogg, 1996) 419 2 417 5 412 
Tucker et al. (1998) 419 1 418 4.5 413.5 
STG (Germ. Str. Comm., 2002) 419 1.5 417.5 6 411.5 
 
* NDS: Numerical dating in stratigraphy; GTS: Geologic time scale; COSUNA: Correlation of Stratigraphic Units of North America; 
DNAG:  Decade of North American Geology; CGR: Chronology of the Geological Record; ISC: International Stratigraphic Chart; STG: 
Stratigraphic Table of Germany 2002 
 
 
Discrepancies in age may arise from the use of different decay constants, but although all given ages 
in Tab. 1.1 are based on isotopic analyses using the same conventional decay constants proposed by 
STEIGER & JÄGER (1977), the data show that the ages as well as the time intervals vary strongly. Some 
of the reasons for those variations are stated above. However, the most recently published data seem to 
converge on 417-418Ma for the S/D-B with time spans of 1-2Ma for the Přidoli series and 5-6Ma for 
the Lochkovian stage.   
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Fig. 1.3. Present day situation of the 
Early Paleozoic continents and micro-
plates (Tait et al., 1997)   
 
1.4 The earth 417Ma ago: the view from the global scale 
1.4.1 Continental plate motions throughout the Early Paleozoic period  
Although no pre-Pangean geographic relationships are preserved in the Earth’s sedimentary record 
(BAMBACH et al., 1980), it is accepted that the three major continental blocks Laurentia (North 
America, Greenland, Scotland), Baltica (Scandinavia, East European Platform) and Gondwana 
(South America, Africa, Antarctica, Australia, India) 
configured the Early Paleozoic globe (Fig. 1.3). Incorporated 
in this paleogeographical scenario were several Gondwana-
derived terranes, which formed two smaller microplates 
termed Avalonia (parts of northern Germany, Belgium, 
England, Wales, S. Ireland, E. Newfoundland, Nova Scotia) 
and Armorica (Brittany). The Armorican terrane comprises 
sensu strictu the southern European massifs of Armorica, 
Iberia including the Montagne Noire area of southern France 
as well as Bohemia, proposed by TAIT (1999) as Armorican 
Terrane Assamblage (ATA).  
 
During the Early Paleozoic these landmasses were separated from each other by at least three different 
ocean basins. In Cambrian times, a wide Iapetus ocean isolated equatorial Laurentia from Baltica and 
Gondwana, both situated at high southerly latitudes (MAC NIOCAILL & SMETHURST, 1994). In the 
following Early-Mid Ordovician time Avalonia broke apart from the South American margin of 
Gondwana and as a consequence, the Rheic Ocean originates. Baltica was separated from Gondwana 
at that time by the Tornquist Sea (COCKS, 2000). The ATA was still situated very close to 
Gondwanas northern margin at high peripolar latitudes (TAIT et al., 1997). Up to the Late Ordovician 
Baltica, Avalonia as well as Armorica drifted disparate northwards away from Gondwana to more 
temperate paleolatitudes, whereas Laurentia remained more or less at the equator (Fig. 1.4). This 
results not only in a narrowing of the Iapetus ocean, but also in a narrowing of the Tornquist Sea, 
because Avalonia became steadily closer to Baltica during its northward-drift (COCKS, 2000).  
 
 
 
Fig. 1.4. Paleogeographic maps throughout the Ordovician after TAIT et al. (1997) display the gradual
northwards drift of Baltica, Armorica, Avalonia and the opening of the Massif Central Moldanubian (MCM)
ocean 
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Both Tornquist Sea and the Iapetus Ocean closed when Avalonia collided with Baltica near the end of 
the Ordovician, and with Laurentia from Mid-Silurian (early Scandian Orogeny of Norway) to Mid-
Devonian (Acadian Orogeny) times (MCKERROW, 1988; COCKS et al., 1997; COCKS, 2000). All these 
orogenic phases are local components of the Caledonian Orogeny (e.g. MCKERROW et al., 2000). 
 
1.4.2 Paleogeographic situation during the Siluro-Devonian boundary time 
The global paleogeographical situation between the Late Silurian and Early Devonian is given in    
Fig. 1.5. This time interval was characterized by a southerly directed latitudinal drift of Laurentia up to 
30-40°S (MAC NIOCAILL and SMETHURST, 1994), whereas Baltica had reached an equatorial position 
and was in its present-day orientation (TAIT et al., 1997). Comparable paleolatitudes from Avalonia 
(CHANNELL et al., 1992), Baltica (TORSVIK et al., 1996) as well as the ATA (TAIT et al., 2000) 
indicate that the amalgamation to the ´supercontinent´ Laurussia had already started. The Rheic Ocean 
separating Avalonia from the ATA since Early-Mid Ordovician times got progressively narrower. The 
paleogeographic situation of Gondwana during the S/D-B time is controversial up to the present day. 
SCHMIDT et al., (1990) as well as CHANNELL et al. (1992) suggest an equatorial position for the 
northern margin of Gondwana (dotted outline in Fig. 1.5), while a second model, published by 
BACHTADSE & BRIDEN (1991) favours a position at approximately 65° S (solid outline in Fig. 1.5).       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.5. Paleogeographic reconstruction for the S/D-B time (TAIT et al., 2000). Balonia (Baltica and
Avalonia) had already collided with Laurentia, forming Laurussia. The Armorican Terrane assemblage
(ATA) consists of the following plates: A, Iberian Massif; B, Catalunya and Eastern Pyrenees; C, Armorican
Massif and French Massif Central; D, Saxothuringia; E, Barrandia. During the S/D-B time, the ATA is still
separated by the Rheic ocean in the north and the Massif Central Moldanubian (MCM) ocean in the south.  
417Ma 
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1.4.3 Climate and chemical composition of the Earth’s atmosphere 
Reconstructions of the Earth’s Paleozoic climate are primarily based on the fact that certain kinds of 
minerals and rocks preferentially originate under specific climatic conditions (e.g. PARRISH et al., 
1982; SCOTESE et al., 1999). Therefore, tillites or striated pavements for example represent the record 
of ancient glaciations, whereas evaporites document warm or arid climate conditions. Beside of the 
lithological indicator there are many other climate sensitive proxies such as the 3rd-6th order 
sedimentary sequence cycles with durations of 10.000a to 3Ma, evolution and diversification of 
distinct fossil groups or carbon isotopic ratios. Most of the Paleozoic climate maps published today 
utilize an integrated approach that considers paleomagnetical, lithological and paleobiogeographical 
indicators such as isolation and mixing of faunas or migration routes (e.g. WILDE et al., 1991; 
SCOTESE et al., 1999). For example, the paleoclimatic map from SCOTESE (2002) in Fig. 1.6 reflects 
the distribution of the ancient climatic belts during the uppermost Silurian, by mapping the past 
distribution of thousands of climatically sensitive rock types. Similar to the present day distribution of 
the climate zones, there was a south/north temperature gradient in the southern and northern 
hemispheres. Most of the South American and African continental parts of Gondwana were situated in 
cold to cool temperature belts (Malvinokaffric Realm) where snow and ice may accumulate, although 
indications for an extended Gondwanan glaciation are absent. The Massif Central Moldanubian 
(MCM) Ocean and the adjoining continental edges from Gondwana and Laurussia were situated in a 
warm temperate climatic belt. In this climatic zone, high rainfall and seasonally warm temperatures 
promoted plant growth, chemical weathering of silicates and the formation of kaolinites (SCOTESE et 
al., 1999).  
 
 
Fig. 1.6. Global paleoclimate map of the Late Silurian from SCOTESE (2002) 
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Most of the Laurussian continent as well as large parts of China and Australia in the southern 
hemisphere and the Siberian continent in the northern hemisphere were situated in the arid or dry 
subtropical zone where evaporation exceeds precipitation. Lots of coral reefs were harboured in the 
southern arid belt, which stretched during the S/D-B time across North America and northern Europe. 
The tropic equatorial climate zone is still in question due to the lack of lithological indicators.  
 
In general the Early Paleozoic climate is characterised over a time span of about 120My by 
greenhouse conditions, only interrupted in the Late Ordovician-Early Silurian by a relative short-lived 
(~30My) icehouse state. After SCOTESE et al. (2000) the global S/D surface temperature with an 
average of 22°C was significantly warmer than the recent average surface temperature of 15°C. Only 
minor fluctuations of the surface temperature conditions throughout the whole Earth’s history can be 
explained by the compensation effect of the linear increase of solar radiation and the CO2 decrease due 
to cumulative burial of carbon in sediments (FRAKES et al., 1992). Apart from the temperature, the 
chemical composition of the Earth’s atmosphere during that time must have differed significantly from 
the recent composition, because of the absence of terrestrial live. Most of the available carbon was 
therefore dissolved in the oceans- or fixed in the atmosphere as carbon dioxide. BERNER (1990) has 
estimated atmospheric CO2 levels to be 9-10 times present day values, equivalent to 3300-3700ppm. 
As shown by Berner´s isotope mass balance calculations (BERNER, 2001), the conquest of the 
landmasses by vascular plants and subsequently the evolution of terrestrial faunas increased the 
atmospheric oxygen content steadily since the Early Silurian from 12-15% up to maximum O2 levels 
of about 27-37% during the Permo-Carboniferous. In consideration of this trend, the oxygen level 
during the S/D-B interval was still in an initial state with O2 concentrations of about 15%.   
 
1.4.4 Paleoecology 
The marine biosphere 
The Paleozoic marine fauna is mainly characterised by a rich variety of shelled epifaunal suspension-
feeders and reef-builders, including articulate brachiopods, bryozoans, anthozoans, ostracodes and 
crinoids (BRENCHLEY and HARPER, 1998). Therefore, reefs are usually dominated by stromatoporoids, 
tabulate or rugose corals and bryozoans (KIESSLING et al., 1999). A very important class in the Early 
Paleozoic, especially for biostratigraphic approaches, are the planktonic or floating Graptolithina or 
graptolites. These colonial marine organisms commonly occur in black shales, indicating deeper 
pelagic environments. In contrast, the distribution of vertebrate faunas dominated by agnathans, which 
are known from the deeper shelf regions of the Paleobaltic Basin (MÄRSS, 1997), were less important 
due to their endemism (JANVIER and BLIECK, 1993). With exception of the extinction of the biform 
species from the genus Monograptus (Monograptus transgrediens Event; MELCHIN et al., 1998), with 
an extinction rate of 79% a distinctive step in graptolite evolution, neither further faunistic nor any 
floristic changes could be observed around the S/D-B sedimentary sequences.    
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Colonization of Land areas 
Earliest evidence of land plants as given for example by cryptospores or plant cuticles is recovered 
from the uppermost Ordovician siltstones and shales worldwide (EWARDS and BURGESS, 1990). To 
ensure survival on land, the plants developed during their early history a variety of adaptations and 
structural modifications to allow the intake of water and nutrients, gas exchange, mechanical support 
and anchorage as well as innovative reproductive strategies (BRENCHLEY and HARPER, 1998). 
Therefore, higher land plants (tracheophytes) are characterised specifically by tracheids (water 
conducting cell type composed of lignin), plant cuticles with stomata (perforated impermeable layers 
of cutin on the outer walls of the epidermal cells) and tetrahedral trilete spores. The earliest vascular 
land plant Cooksonia consisted of a small naked stem, which bifurcated a couple of times, topped with 
small spheres (sporangia) in which the spores were formed (e.g. OBRHEL, 1962; SCHWEITZER, 1990). 
Cooksonia appeared in the Ludlow time mainly on the southeast margin of Laurussia whereas 
Baragwanathia dominated assemblages in Australia at about the same time indicating two distinct 
floristic provinces during this time period (EDWARDS, 1990; ANDERSON et al., 1999). One of the 
major initial driving forces for the evolution of land plants, beside the global climatic shift at the end 
of the Ordovician where 27% of the marine invertebrate families were lost (ERWIN, 1993), is the 
former continental configuration. The formation of Laurussia and the associated orogenic events and 
volcanic activities during- and after the S/D-B time have contributed, mainly due to the volcanic CO2 
release, to the progressive global warming. This push in global warming affected also the 
bioproductivity of organisms. Finally, the collision of the continental plates resulted in the proximity 
of faunal provinces isolated before and therefore in the radiation of early land plants. Tectonic 
activities led to the formation of new depositional environments so that e.g. folded mountain belts and 
deltaic systems developed in the warm temperate coastal areas, which constituted new ecological 
niches. However, the successive colonization of the continents by plants during the Early Paleozoic 
caused a completely new ecosystem with lasting effects on many processes in the geo-, hydro-, bio-
and atmosphere until present day (Fig. 1.7). 
 
 
 
 
 
 
 
 
 
 
Fig. 1.7. Flow-chart indicating the complex causalities and interactions between the evolution of vascular land 
plants and the global environmental system (adopted from WALLISER, 1996)  
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2 Samples and methods 
 
2.1 Samples 
Within the framework of the preliminary selection of eligible S/D sedimentary sequences altogether 
889 sedimentary rock samples from 12 localities from the Czech Republic (HERTEN 2000; 
KRANENDONCK, 2000), SW Turkey (KLOPPISCH, 2001), SE Turkey and SW Ukraine (this study), as 
well as Poland and Morocco (HERTEN, in prep.) were analysed in order to evaluate the quality as well 
as the amount of organic matter embedded in the various sediments (Tab. 3.1). Most of these samples 
(516) were collected from cores of the boreholes Klonk-I (Czech Republic), Esenyali-I and –II (NW 
Turkey), Hazro-II and Fetlika-I (SE-Turkey). The remaining samples (373) are derived from outcrops. 
With respect to the results of the organic geochemical screening (Chapter 3.2), this study focuses on 
the samples from the Hazro area in SE Turkey (Tab. 2.1). Specific sample levels as well as the 
respective lithostratigraphic description for the outcrop and the cores from SE-Turkey are provided in 
Appendix A.1-2 and B.1-2. Before starting the analyses, the samples were divided into three parts. 
One part for geochemical and mineralogical analyses was ground and homogenised for 30 seconds in 
a RETSCH disc mill. A number of samples were slightly crushed by hammer into cm-sized pieces, 
used subsequently for the preparation of particle size measurements, whereas the third part was used 
for the preparation of thin- sections and for documentation purposes.      
 
Tab. 2.1. Analysis methods and number of samples 
 
1 analysis of whole rock powders  
2 core samples 
3 samples used for organic geochemical screening 
 SE Turkey (Hazro Anticline) SW Ukraine (Dnestr Basin) 
ANALYSES Fetlika Fetlika-I2 Hazro-II2 Volkovtsy 
 
Chudkovtsy 
Sedimentary petrology         
Microfacies analyses on thin-sections 15 12     
X-ray diffraction (XRD)1 131 68     
Neutron activation analyses (NAA)1 49       
Inductively coupled plasma mass spectrometry (ICP-MS) 1 3 20    
Isotope mass spectrometry1 76     
Particle-size distribution of the siliciclastic fractions 106 51     
Magnetic susceptibility (MS)1 86       
Organic geochemistry         
Elemental carbon/sulphur determination (LECO) 1 135 68 333 583 553 
Rock-Eval pyrolysis1 93 65 63 583 553 
Extraction of soluble organic matter1 37 18    
Liquid chromatography (MPLC/HMPLC) 37 18    
Gas chromatography (GC-FID) 22 18    
GC - mass spectrometry (GC-MS) 12 17    
Pyrolysis-gas chromatography (Py-GC-FID)  6    
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2.2 Sedimentary petrology 
 
2.2.1 Preparation and staining of thin-sections 
In total 26 thin-sections were prepared at the Department of Geology, RWTH Aachen, using a 
LOGITECH precision lapping and polishing machine. After cutting the rock samples perpendicular to 
their bedding planes, they were glued with epoxy-resin on 7.5 x 5cm big object slides and lapped 
down to a thickness of 60µm. Due to the following staining procedures, they were not covered with 
glass. All carbonate thin-sections were stained with a combination of alizarin red-S and potassium 
ferricyanide diluted in 0.1N hydrochloric acid solution (DICKSON, 1965). Staining with alizarin red-S 
differentiates aragonite and calcite from dolomite and siderite. Depending on the reaction with the 
hydrochloric acid, aragonite and calcite were stained, while dolomite and siderite remained unstained. 
Potassium ferricyanide is a sensitive indicator for the distribution of ferrous iron in the carbonate 
cements. According to DICKSON (1966) the application of the combined solution results in the 
following colourations: 
 
Tab. 2.2. Colour reaction of carbonates, treated with a solution of alizarin red-S and potassium ferricyanide 
Siderite Ferroan Dolomite Dolomite Ferroan Calcite Calcite Aragonite 
FeCO3 Ca (Mg, Fe) (CO3)2 Ca, Mg (CO3)2 (Ca, Fe) CO3 CaCO3 CaCO3 
unstained 
pale to deep 
turquoise 
unstained 
mauve-purple 
-royal blue 
pink to 
pale pink 
pale pink 
 
2.2.2 Light microscopy 
Microscopy of thin sections and insoluble organic matter was carried out using a ZEISS Axiophot 
light transmission and fluorescence microscope equipped with Plan-Neofluar objectives (1.25x, 2.5x, 
5x, 10x and 50x magnifications) and an ocular with a magnification factor of 10. The fluorescence of 
insoluble organic matter residue was observed using a high-pressure mercury vapour lamp (50watt) as 
light source with a 362nm excitation filter and 535nm barrier filters. 
 
2.2.3 Neutron activation analysis 
Neutron activation analyses of 49 powdered rock samples have been carried out by the Central 
Department of Analytical Chemistry (ZCH), Research Centre Jülich GmbH. An aliquot of 
approximately 200mg of the powdered rock samples was welded in SUPRASIL vials and packed in 
sets of seven quartz ampoules together with a zirconium filament (as neutron flux indicator) in 
aluminium capsules. These capsules were irradiated for 30 minutes in the FRJ2 research nuclear 
reactor (Dido) with a neutron flux of 1.4 x 1014cm-2s-1. The nuclear radiation from the activation 
products of the irradiated samples was measured by high-resolution gamma-ray spectrometry after 
some days and after some weeks, in dependence on decay times of the activated elements. Finally, the 
elemental content of the samples was calculated from the activity of the radionuclides and the 
corresponding irradiation data (irradiation time and neutron flux).    
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2.2.4 Inductively coupled plasma mass spectrometry 
Trace and rare earth element concentrations from Fetlika-I core samples were determined via a 
quadropole-based ICP-MS (Elan 6000, Perkin-Elmer/Sciex Corp.) by the Central Department of 
Analytical Chemistry (ZCH), Research Centre Jülich GmbH. For mass spectrometric analyses, 200mg 
of the whole-rock powder were admixed with 1g of a lithium borate composite of ultra-pure quality 
and subsequently melted for 20min. at a temperature of 1000°C in PT-Au crucibles. Afterwards, the 
hot lithium borate melts were dissolved in a subboiled nitric acid dilution (4ml HNO3/70ml distilled 
water) and subsequently filled up to 100ml with distilled water. For each sample, this preparation 
procedure has been carried out twice. Standard solutions for calibration were prepared from a 1000 
mg/l element stock solution (MERK, Darmstadt, Germany). The results and the standard deviations 
from the multiple determinations of the trace and rare earth element concentrations are given in 
Appendix B.5. In order to display the comparability of ICP-MS and NAA measurements, three 
samples (I02/02a, B02, B03) from the Fetlika outcrop (SE Turkey) determined via ICP-MS were 
compared to those obtained by NAA (Fig. 2.1). Results of both methods show good agreement, with 
the exception of Lu and Eu. At least for the high rare earth element (i.e. Lu) the minor discrepancies 
can be explained, because there is some problem in getting them completely into solution, as required 
for ICP (HOLSER, 1997).  
 
Fig. 2.1. Comparison between the neutron activation analysis (NAA) and inductively coupled plasma-mass 
spectrometry (ICP-MS) for three samples from the Fetlika section (SE-Turkey) 
 
2.2.5 Isotope mass spectrometry  
Bulk carbonate δ13C and δ18O compositions were measured by HERTEN (in prep.). Whole-rock 
powders were cooked in hydrogen peroxide (H2O2), washed in deionised water, and dried by freezing 
under vacuum. Sample amounts of about 250µg carbonate carbon were subsequently treated with 
300µl phosphoric acid (H3PO4). The isotopic ratios of the released CO2 were measured by using an 
Analytical Precision (AP 2003) mass spectrometer. Results are reported in the usual delta notation 
versus the Pee Dee Belemnite standard (‰-PDB): 
   
δ [‰-PDB] = [(Rsample/RPDB)-1] H 103, where R is the ratio 13C/12C or 18O/16O. 
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The reproducibility of the analytical procedure is in the range of ±0.2‰ (δ13C) and ±0.4‰ (δ18O) and 
was checked by measuring each sample twice (Appendix A.5). 
2.2.6 X-ray diffraction analysis and mineral phase quantification 
XRD patterns of the powdered bulk samples were collected on a Debye-Scherrer transmission 
diffractometer from STOE with CoKα1 radiation (wavelength: 1.788970C) and a curved germanium 
monochromator. Goniometer speed was 0.03° 2θ/sec with 2570 total steps. All samples were x-rayed 
in an interval from 5° to 85° 2θ. Mineral phases over the full powder diffraction profile were detected 
by a search/match procedure using the JCPDS-Powder Diffraction database implemented partly in the 
SIROQUANT v2.5 XRD software package from SIETRONICS. Subsequently, the program 
automatically quantifies the phase of the detected minerals by applying the “Rietveld” technique 
(TAYLOR, 1991; TAYLOR and CLAPP, 1992). The Appendixes A.6, B.4 list the phase names, computed 
in weight percentages as well as the errors associated with the weight percentages. The errors are the 
estimated standard deviations of the weight percentages and therefore " the values given. 
 
The precision of the performed mineral phase quantification can be controlled, at least via the total 
content of carbonates, which results indirectly by two other basic approaches. The first and simplest is 
to calculate the content of carbonates, regardless of their molecular bonding, from the whole rock 
sample gravimetrically by treatment with hydrochloric acid (Appendix A.4). The second way, 
mentioned in chapter 2.3.1, is to calculate the carbonate amount stoichiometrically by the total 
inorganic carbon content. This method is based on the assumption that the whole carbonate fraction is 
bound as calcite, which is in the 
most cases not correct. 
 
For example, the carbonate 
fraction of the samples from the 
Fetlika section is bounded in 
different ratios, not only as calcite 
but also as dolomite. Therefore, 
the carbonate fraction, determined 
via the LECO-method is given by 
a stoichiometrical range from 
calcite to dolomite (Appendixes 
A.10 and B.7). In comparison of 
the total content of carbonates, the 
results of all three methods         
(n = 64) display an acceptable 
correlation (Fig. 2.2).            
                             Fig. 2.2. Comparison of different methods of carbonate determination 
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2.2.7 Laser-diffraction size analysis 
The siliciclastic particle size distribution of 178 samples was determined in a range from 0.1 to 600µm 
by the laser particle sizer “analysette 22, ECONOMY” from FRITSCH GmbH. Before starting the 
analysis, the rock-samples were treated for 24 hours in 25% hydrochloric acid in order to dissolve the 
micritic matrix. The resulting siliciclastic fraction was neutralized in deionized water and dried at a 
temperature of 40° C.  
 
The principle of the measuring method is based on the physical properties of laser diffraction (e.g. 
MCCAVE et al., 1986; AGRAWAL et al. 1991). The light of a parallel He-Ne laser beam (λ=632.8nm) is 
deflected through given angles, which depend on the diameter and optical properties of the particles. 
Following to the deflection, the energy distribution of the scattered light (Fourier spectrum) is focused 
onto a multielement ring detector consisting of 31 light-sensitive elements. Assuming that the mass of 
the sediment particles is larger than the wavelength of the laser beam, the diffraction pattern was 
calculated to particle size distribution in accordance with the Fraunhofer-theory. Before starting the 
measurement, approximately 0.2-1.0g of the HCl-leached sample material was dispersed in deionized 
water for 5 minutes by 150 watts in the integrated ultrasonic bath. In combination with 400-500mg 
tetra-Sodium diphosphate decahydrate (Na4P2O7x10 H2O) as dispersing agent, this preparation 
procedure avoids successfully the coagulation of the fine siliciclastic material (Fig. 2.3). Degassed 
(deionized) water prevents unstable backgrounds during the measurement, due to the precipitation of 
air bubbles on the particles. Each sample was measured in two different positions to the photo 
detector, which results in n31 = 62 authentic measuring channels.   
 
 
 
 
 
 
 
 
Measurements of the particle diameter in millimeters (d) were converted into the equivalent phi 
(φ) values by application of the equation d⋅−= 2logφ . The accuracy of the Laser Diffraction 
Spectrophotometer was tested with four particle size reference materials, BCR66, BCR68, BCR69, 
and BCR130 from the Commission of the European Communities. The standards consist mainly of 
irregularly shaped quartz particles in the size range from 0.35 to 650µm.  
 
Fig. 2.3. Siliciclastic fraction of sample B17 from the Fetlika outcrop a) after 5min stirring in deionized water;
b) completely dispersed after 5min ultrasonic bath in deionized water with 400-500mg Na4P2O7x10H2O 
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A detailed description of the certified reference material is given in the BCR information reports 
(1980, 1986). The comparison between the laser measurements and the BCR certified data in Fig. 2.4 
display for the BCR66, BCR69, and BCR130 standards a slightly coarser distribution, while BCR68 is 
slightly underestimated. BCR66 and BCR69 have been certified by utilizing the gravitational (pipette) 
method, whereas BCR130 and BCR68 have been certified by using sieves.  
KONERT & VANDENBERGHE (1997) compared these different methods of particle size determination 
with results from the FRITSCH Laser Particle Sizer “Analysette Comfort” with a working range from 
0.16- to 1250µm. In contrast to their results, deviations between the laser data and the values of the 
BCR standards, due to the different methods of particle size characterization are not obvious in this 
work. However, in combination with the certified data, the statistical results of their measurements 
show a good correlation to the laser data of this study (Tab. 2.3). 
 
 
Fig. 2.4. Cumulative particle size distributions of the certified reference data (solid lines) and of the laser 
measured values (dashed lines) from the 10 BCR samples 
 
Tab. 2.3. The comparison of the statistical results shows only slight deviations. Mean, mean square deviation 
(MSD) and skewness (φ units) are calculated for the certified data as well as for the laser data, using the 
statistical moments. The bracketed values are calculated by KONERT & VANDENBERGHE (1997).  
 Certified data KONERT & VANDENBERGHE (1997) This study 
Sample Mean MSD Skewness Mean MSD Skewness Mean MSD Skewness 
BCR 66 9.63 (9.67) 0.74 (0.75) 0.27 (0.05)         9.51 0.83   0.19     9.52 0.76    0.24 
BCR 69 4.40 0.72 0.84          nd  nd     nd     4.41 0.88    0.96 
BCR 130 3.08 (2.98) 0.64 (0.67) 0.48 (0.37)         2.87 0.77   0.47     2.65 0.80    0.52 
BCR 68 1.42 (1.43) 0.47 (0.51) 0.61 (0.13)         1.39 0.63   0.55     1.51 0.46    0.77 
nd: no data 
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Peak separation of bimodal particle size distribution curves 
The textural inventory of natural sediments displays often polymodal distributions. Such mixtures of 
several grain populations are most likely caused by different transportation mechanisms. Therefore, a 
modal decomposition of the frequency curve may be the geological most revealing route of analysis 
(MCCAVE & SYVITSKI, 1991). In this work, peak-separation of mostly bimodal distributed particle 
size fractions was carried out via an automated peak separation and analysis software package 
(PEAKFIT 4.11 from SYSTAT). Overlapping peaks were separated by a non-linear curve fitting 
algorithm based on the normal distribution function. The calculated data for the individual peaks were 
used subsequently to define the moment measures (see below).    
 
 
Fig. 2.5. The bimodal distributed particle size curve from the siliciclastic fraction of sample B05a 
(Fetlika outcrop) was separated into two Gaussian distributed peaks by a non-linear fitting algorithm. 
 
 
The method of moments 
In order to compare the measured particle size distributions it is necessary to characterize each size 
analysis by a derived set of parameters. This can be done either by the computation of moment 
statistics or by the use of quartile statistics, which are the graphic approximations of the former ones. 
Both methods are based on the assumption that the particle size curves have a normal or Gaussian 
distribution. This study favours the method of moments (e.g. FRIEDMAN & SANDERS, 1978) because 
the entire values of a size distribution are used rather than only curve segments as applied in the 
graphic technique. 
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Therefore, particle size distributions were characterized by the measure of central tendency of the 
curve (mean), the measure of dispersion about the mean (standard deviation or sorting) as well as the 
measure of symmetry of the curve around the mean (skewness). 
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Tab. 2.4. Terms used to describe the sorting values*        Tab. 2.5. Terms used to describe the skewness values* 
ranges of values        ranges of values    
of standard deviation     of mean cubed deviation skewness class 
(φ units) sorting class    > +0.30 strongly fine skewed 
<0.35 very well sorted  +0.30 to +0.10 fine skewed 
0.35 - 0..50 well sorted   +0.10 to -0.10 near-symmetrical 
0.50 - 0.71 moderately well sorted  -0.10 to -0.30 coarse skewed 
0.71 - 1.00 moderately sorted  > -0.30 strongly coarse skewed 
1.00 - 2.00 poorly sorted   *after FOLK & WARD (1957) 
>2.00 very poorly sorted     
 
*after FOLK & WARD (1957) 
 
2.2.8 Magnetic susceptibility 
The magnetic susceptibility (MS) is defined as the ratio of induced magnetisation to the strength H of 
the magnetic field causing the magnetisation (χ = ∆M/∆H). Or in other words, the induced 
magnetisation of a sediment by a uniform action of an applied magnetic field depends on the magnetic 
susceptibility, and thus on the amount and properties (grain size or shape, mode of distribution) of the 
ferrimagnetic minerals (e.g. magnetite, titanomagnetite, ilmenite), embedded in the sediment. The 
influence of paramagnetic (less magnetisable) minerals such as clay minerals, iron and manganese 
carbonates and iron sulfides to the measured MS signature was reduced by the application of a very 
low magnetic field (ELLWOOD et al., 1999). 
 
with   n  = 62 (number of measuring channels) 
 if  = frequency for each size class (in per cent) 
 imφ = midpoint of eachφ size class 
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Concentrations of magnetisable substances from 87 powdered whole rock samples collected from the 
Fetlika outcrop were measured by the research group of Prof. Brooks B. Ellwood at the Lousiana State 
University at Baton Rouge. The samples were sealed in cm-sized synthetic sample boxes and 
measured between a susceptibility bridge built especially for high sensitivity and calibrated using 
standard salts (MnF2 and MnO2) (ELLWOOD et al., 1988). For large samples (~10g) reasonable MS 
values can be obtained to 1×10-10m3/kg (ELLWOOD et al., 1999). Each sample was measured three 
times in the laboratory and a mean of these measurements used as the reported MS value for that 
sample (see Appendix A.9).  
 
 
2.2.9 Sediment classification 
Most of the investigated sedimentary rocks are primarily composed of mixtures of siliciclastic and 
carbonate material. In order to describe the composition as well as the texture of such sediments 
precisely, the classification scheme after MOUNT (1985) is applied. In his first order classification, he 
proposed to divide mixed sediments into four major components which define the end members of a 
tetrahedral classification system: (1) siliciclastic sand (sand-sized quartz, feldspar that range from 
0.0625-2.0mm in diameter), (2) siliciclastic mud (mixtures of silt and clay less than 0.0625mm), (3) 
carbonate sand (allochems e.g. bioclasts and intraclasts >20µm in size), and (4) carbonate mud or 
micrite which additionally encompasses its recrystallization product named by FOLK (1959) microspar 
(< 20 µm in size). The classification procedure is made up by a series of yes/no questions, which were 
answered in this study by mineralogical, and granulometrical investigations as well as microscopic 
observations (Fig. 2.6). In cases where the dolomitic fraction of the sedimentary rocks is higher than 
50w.-%, the term limestone is replaced by dolomite. Silt-dominated mudrocks (> 2/3 siliciclastics in 
the range of 0.0625-0.0039mm) are all referred to as siltstones. 
 
 
Fig. 2.6. Classification procedure for mixed siliciclastic and carbonate sediments (MOUNT, 1985) 
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2.3 Organic geochemistry 
 
2.3.1 Determination of elemental carbon and sulphur 
  
Total carbon (TC) and sulphur contents (TS) of the samples were measured by combustion of the 
homogenized rock powders at a temperature of 2000°C in an oxygen-rich environment. The resulting 
CO2 and SO2-gas phases were determined simultaneously by an infrared detection system. Total 
organic carbon (TOC) contents were measured in the same way after removal of the inorganic carbon 
with 24% hydrochloric acid. Assuming that the TIC phase is fixed only as CaCO3, the calcite content 
of the samples was calculated as ( ) ( )3CaCOTOCTC α×− , whereas α is the stoichiometric factor in 
dependence of the mineral phase ( )( 66.72, 3 ≈COMgCaα and )33.83 ≈CaCOα . All values are means of 
double determinations. 
 
2.3.2 Rock-Eval Pyrolysis 
A first characterisation of finely disseminated organic material was performed using a Rock-Eval, 
Delsi II, pyrolyzer (ESPITALIÉ et al., 1977). Small amounts (~100mg) of the powdered rock samples 
were pyrolysed with a specific time/temperature program (Fig. 2.7) under an inert He-atmosphere. The 
following temperature and time intervals correspond to the flame ionisation detected hydrocarbon 
amounts, expressed as S1 and S2 peaks, respectively: 
S1 – isothermal 300°C during 3min.: volatilisation of soluble organic matter (liquid hydrocarbons) 
S2 – constant heating rate of 25°C/min from 300° up to 550°C: hydrocarbons derived solely from the 
cracking of the residual organic matter (kerogen) 
In this study, the CO2 content coming from the cracking of kerogen (S3-peak) is not taken into 
consideration, because of the early decomposition of carbonate minerals below the CO2 trapping 
temperature of 390°C, due to mineral matrix effects. This produces additional CO2, which leads at 
least to elevated oxygen indices (KATZ, 1983). All values are means of double determinations and 
have been calibrated on an international standard distributed by the Institute Francaise du pétrole (IFP 
55000). 
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Fig. 2.7. Schematic Rock-Eval
pyrogram displays the time-
temperature relationship as well
as the amount of volatilised
hydrocarbons by the areas of the
S1 and the S2 peak, respectively.  
Tmax is showing the temperature at
which thermal cracking of
kerogen releases the biggest
amount of hydrocarbons.   
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2.3.3 Extraction of soluble organic matter  
The soluble organic matter (SOM) from between 50 and 100g powdered rock-sample was extracted 
with distilled dichloro-methane (methylene chloride) and 1% methanol for stabilizing the polarity of 
the solvent. Extractions were carried out using the modified flow-blending method after RADKE et al. 
(1978) after calculated amounts of an internal standard (5α-androstane) had been added. The resolved 
OM was separated from the sediment by centrifugation, and subsequently concentrated on a 
ZYMARK sample concentrator “Turbovap” system. In a final step, the remaining solvent was 
removed completely by evaporation under ambient temperature. The extracted OM was determined by 
weight. 
 
2.3.4 Separation of soluble organic matter into compound classes 
Generally, a molecular characterization of SOM requires a separation into compound classes. 
According to their polarity and affinity characteristics the extracts were separated into five 
heterocompound fractions and two hydrocarbon groups using a combination of Hetero Medium 
Pressure Liquid Chromatography (HMPLC) after WILLSCH et al. (1997) and Medium Pressure Liquid 
Chromatography (MPLC) after RADKE et al. (1980).  
 
 
 
Fig. 2.8. Schematic sketch of the
liquid chromatographic separation,
modified after WILLSCH et al. (1997).
Solvent extracts were separated into
seven compound classes. 
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High-polarity- and NSO compounds, bases, fatty acids as well as alcohols and sterols were separated 
via HMPLC. For the fractionation of the aliphatic-, aromatic hydrocarbons and the aldehydes, ketones, 
esters, the MPLC system was used (Fig. 2.8). All fractions were evaporated to dryness and determined 
gravimetrically. 
 
2.3.5 Gas chromatography of the saturated fraction 
For the molecular characterisation of the saturated fraction, a HEWLETT PACKARD 5890 Serie II 
gas chromatograph was used. The instrument was equipped with an Ultra I fused silica capillary 
column (length: 50m; internal diameter: 0.2mm), coated with phenyl (5%)- vinyl (1%)- methyl (94%)-
polysiloxane of 0.33µm film thickness. Helium or Hydrogen was used as carrier gases. The initial 
oven temperature was set to 90° C, held for 2min, and then programmed at 4°C/min to 310°C. In order 
to reach the higher n-alkane compounds (>n-C23(Helium) or >n-C28(Hydrogen)), the end-temperature was held 
for 45minutes isotherm. The saturate fraction has been detected via a flame ionisation system. Selected 
n-alkanes as well as selected isoprenoids were quantified by the internal standard, added prior to the 
extraction. The relative abundance of compounds was determined using the Multichrom 
chromatography data system (VG DATA SYSTEMS). 
 
2.3.6 Gas chromatography - mass spectrometry of the saturated fraction 
Gas chromatography – mass spectrometry (GC-MS) measurements were carried out on a HEWLET 
PACKARD 5890 Serie II gas chromatograph coupled with a FINNIGAN MAT 95SQ mass 
spectrometer. The GC instrument was equipped with a temperature-programmable injector system 
(KAS-3, GERSTEL GmbH) and a multiple ion detector (MID). A BPX-5 fused silica capillary column 
(length: 50m; internal diameter: 0.22mm; film thickness: 0.25µm) was used with helium as carrier gas 
(electronic pressure control, EPC: 1ml/min). The temperature interval of the GC oven was 
programmed from 110 to 360°C (final hold time: 23min) with a heating rate of 3°C/min. The 
ionisation energy of the mass spectrometer in electron impact (EI) mode was 70eV in conjunction with 
a source temperature of 260°C. Hopane and sterane distributions were analysed by multiple reaction 
monitoring (MRM) for m/z 370, 384, 398, 412, 426, 440, 454, 468, 482 → 191 and m/z 372, 386, 400 
→ 217. The relative abundance of compounds was determined using the FINNIGAN interactive 
chemical information system (ICIS). 
 
2.3.7 Isolation of algal-derived kerogen 
Specific organic-walled microfossils of the genus Tasmanites were separated from the bulk insoluble 
organic matter by two different techniques. One approach, performed by Dr. Rainer Brocke 
(Forschungsinstitut Senckenberg, Frankfurt/Main), was to isolate Tasmanites phycomata with basic 
palaeopalynological processing procedures as mineral removal and concentration by sieving and 
subsequently handpicking. The other very simple technique is based on a distinctive observance 
during the solvent extraction.  
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After the centrifugation of the solvent-blended sediment, a very fine film of brownish insoluble OM is 
floating upwards the solvent. Due to the density of dichloro-methane, this organic fraction must have a 
density lower than 1.3. Microscopic observations show that the fraction exclusively consists of 
spherical bodies identified as dispersed thick-walled and pore bearing Tasmanites phycomata (see 
Appendix B.13, D1and D2).   
 
2.3.8 Pyrolysis-gas chromatography of algal-derived kerogen  
Molecular characterisation of algal-derived kerogens was performed by the open-system off-line 
pyrolysis method, whereby the pyrolysis products formed during thermal degradation are first 
collected and studied at a later stage (VAN BERGEN, 1999). Up to 1.0 mg of each sample were heated 
in a flow of helium; Mineral matrix effects as described by HORSFIELD and DOUGLAS (1980) can be 
neglected due to the use of well defined palynomorph specimens. Pyrolysis products released over a 
temperature range <300°C (300°C held for 5 minutes) were vented. Products released over a 
temperature range from 300 to 600°C (50°C/min) were collected in a cryogenic trap (liquid nitrogen 
cooling) from which they were then liberated by ballistic heating. Gas chromatographic analysis was 
made using a 50m x 0.31mm fused silica column (HP-1; 0.5µm film thickness) programmed from 
40°C to 300°C with a heating rate of 5°C per minute. The relative abundance of compounds was 
determined using Multichrom chromatography data system (VG DATA SYSTEMS). 
 
The flow chart in Fig. 2.9 provides a structural overview concerning all above described analytical 
approaches. Results, discussions and interpretations of each applied method are given in the following 
Chapters 5, 6, and 7.    
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Fig. 2.9. Flow chart of analysis methods applied in this study 
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3.1 Literature inquiry  
The first task of this study was to identify potential S/D sequences, which provide preferably 
undisturbed transitional sedimentary successions and contain well-preserved embedded organic matter 
in a low thermal maturation stage. Literature inquiries led to many S/D-B locations with partially 
different sedimentary features, which document distinct ancient environments. The following pages 
shall provide a brief summary about the worldwide occurrences of S/D-B sedimentary sequences, 
although most of them do not satisfy the above-mentioned demands. The locations are arranged in 
dependence of their continent-relative paleogeographical situation during the S/D-B time (Fig. 1.5).    
 
3.1.1 Armorican Terrane Assemblage 
 
Austria 
S/D-B deposits in the Carnic Alps, close to the Austrian/Italian border are exposed in numerous 
localities, not all easily accessible and strongly affected by Hercynian and Alpine orogenies (VAI, 
1970, FLÜGEL et al., 1971 and 1977). The facies varies from shallow water bioclastic limestones 
(Plöckener facies, Cellon Section) to deep-water dark graptolitic shales and radiolarian cherts 
(Bischofalm facies, Hauptprofil section). In most sections, the S/D-B could be defined by the 
occurrence of Monograptus uniformis.  
 
Italy 
Pridoli and Lowermost Lochkovian deposits crop out in the eastern- as well as in the western part of 
southern Sardinia (JAEGER, 1977; SERPAGLI & MASTANDREA, 1980, GNOLI & SERPAGLI, 1984). The 
sequences are always strongly tectonized due to the Hercynian Orogeny and very frequently affected 
by heating related to the intrusions of magmatic rocks (GNOLI et al., 1990). The southwestern Mason 
Porcas section is build up by dark micritic limestones related to a current affected shallow basin. The 
S/D-B was documented by the Icriodus woschmidti zone. In contrast, the graptolitic shales in the 
southeastern part of Sardinia (Baccu Scottis section) display a quieter and also deeper environment. 
The S/D-B was fixed there by the occurrence of Monograptus uniformis. 
 
Spain 
Sections across the S/D-B are well documented in the Eastern Iberian Chains and in the east end of 
the Guadarrama arenaceaous sediments (central part of Spain). Both sections are similar in lithology 
and in the faunal content (CARLS, 1970 and 1977). Quartzitic sandstones alternate with fine and 
arenaceaous shales, although continuous sedimentary successions are lacking in the Guadarrama area. 
Because of the absence of specific graptolite zones, the S/D-B beds were correlated to their Bohemian 
counterparts by trilobites, brachiopods and conodonts.  
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3.1.2 Avalonia 
 
Germany 
Sediments of S/D-B age in Germany are recognized in the Ebbe Anticline (RICHTER & RICHTER, 
1954), in the Taunus anticlinorial structure of the Rhenish Massif as well as in the southwestern part of 
the Harz Mountains (KUPFAHL, 1952 & 1953; JAEGER, 1962; MARONDE, 1966; JAEGER, 1977).  
All occurrences were affected by the Variscan orogeny, expressed by disharmonic folding, faulting, 
imbricate structures and local dynamic metamorphism. In the inner core of the Ebbe Anticline, the 
S/D-B is probably situated within a shallow marine sequence of ochre limestones (EISERHARDT, 
2000), whereas the graptolite slates from the Harz Mountains and the grey phyllites from the 
southeastern edge of the Taunus region document a pelagic environment. The faunal content of the 
Harz Mountains sections is comparable to the Bohemian facies, thus the S/D-B there is defined by the 
appearance of Monograptus uniformis according to common international use (MARONDE, 1970).   
 
England 
As stated in Fig. 2 the S/D-B in Britain is located in the Welsh Borderland (SW-England) inside the 
regressive Old Red Sandstone sequence at the base of the Ditton Series (e.g. HOLLAND, 1990; ALLEN, 
1985; FRIEND et al., 2000). The beginning of this series in characterized by the Psammosteus 
limestone, a more than 30m thick interval consisting of red marls and nodular to conglomeratic 
calcrete bands. These calcretes are rich in fish remains and display the product of desiccation 
(GEORGE, 1970). The S/D-B sediments crop out in a continental facies at a road section in the 
southern limb of the Towy anticline in South Wales (SIMPSON, 1971). 
 
3.1.3 Baltica 
 
Poland 
The most complete section of the Lower Paleozoic in the Bardzkie Mountains (West Sudetes) is 
known from the Zdanow location (POREBSKA & SAWLOWICZ, 1997; WYZGA, 1987). The S/D-B is 
documented by the occurrence of Monograptus uniformis in a sequence of graptolitic black shales and 
radiolarian cherts, indicating a pelagic deep water environment.  
 
Ukraine, Podolia 
Upper Silurian and Lower Devonian sediments crop out at different localities along the Dnestr River 
in the south-western part of the Ukraine. They have been partially described in detail by SHIRLEY 
(1962), MASHKOVA (1967), NIKIFOROVA (1967), NIKIFOROVA & PREDTECHENSKY (1968, 1970) and 
HUFF et al. (2000). The S/D-B occurs in the Volkovtsy section within a continuous succession of 
nodular limestones, which are embedded in argillaceous siltstones (NIKIFOROVA, 1977). The section 
encompasses a rich faunal diversity with conodonts, trilobites, graptolites, brachiopods as well as 
scyphocrinites.  
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The boundary was marked by the first appearance of Monograptus uniformis angustidens, although 
Monograptus uniformis uniformis appeared later and the underlying Monograptus transgrediens zone 
is absent. Therefore in contrast to previous studies, PARIS & GRAHN (1996), whose work is based on 
chitonozoans, come to the conclusion that the S/D-B is situated in a somewhat higher stratigraphic 
interval, exposed in the Chudkovtsy section. The Dnestr Basin was occupied by a shallow 
epicontinental shelf that existed in the southwestern part of the Russian Platform during most of the 
Silurian and Early Devonian time span (KOREN et al., 1989).  
 
3.1.4 Gondwana 
 
Morocco 
Marine sediments of Lower Silurian to Middle Devonian age have been described from the Rabat-
Tiflet (NW Morocco) and the Mount Issimour (SE Morocco) areas (ALBERTI, 1968, 1971; EL 
HASSANI, 1991; CRICK et al. 2001). The landscape of the Rabat-Tiflet region near the Atlantic ocean 
is build up by a W-E trending anticlinorial structure (ALBERTI, 1977). The sediments were folded and 
faulted, in part extensively, during the Hercynian (Variscan) orogeny. S/D sequences crop out in the 
valleys of the Bou Regreg and Oued Tiflet rivers. Both sites are characterised by a predominantly 
shaly Silurian part, which grades into a rhythmic sequence of shales and platy dark limestones of 
Devonian age (MANN et al., in prep.). The S/D-B has been identified on the basis of graptolite and 
conodont biostratigraphy. The Mount Issimour area is located in the northern Anti-Atlas domain 
some 80 km west of the village Erfoud. The uppermost Pridoli Strata are characterized by black shales 
with nodular limestones, overlain by a Lochkovian brownish-red coloured shale series with embedded 
Scyphocrinites limestones (DESTOMBES et al., 1985). The boundary is defined by the appearance of 
Monograptus uniformis.   
 
Turkey 
Well described Lower Paleozoic sedimentary successions are situated in three of the four main 
tectonic units; in the Istanbul Terrane (northwestern part of the Pontides), along the Taurus Belt       
(S-Turkey) and in the SE Anatolian Autochthonous Terrane of the Border Folds (GÖNCÜOGLU, 1997).  
S/D-B sequences in NW-Turkey are limited to the Istanbul-Pendik area, because during the 
Caledonian Orogeny this region was still subsiding. The stratigraphic record of sandy compact 
limestones and shales points to an open marine ramp environment (READ, 1982).  
Undisturbed S/D sequences from the Taurus Belt are described for example by GEDIK (1987) and 
DEMIREL & KOZLU (1997). They are situated in the eastern Taurides (Tufanbeyli region) and also in 
the southern metamorphic region of the central Taurides (Alanya nappe near Gazipasa). In both 
localities the sedimentary succession is represented by an alternation of black limestones and shales, 
grading into clastics and platform carbonates of Lower Devonian age (GÖNCÜOGLU, 1997).  
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Conodont colour alteration indices of Devonian conodonts, published by GEDIK (1987) display values 
from 3-4 (~1.4-3.6 Rr) for this regions. 
Lower Paleozoic outcrops of the Border Folds in SE-Turkey are restricted to an NW-SE trending 
anticlinal system (foothill structure belt), which affects the Mesozoic-Tertiary carbonate cover of the 
northern Arabian platform (e.g. TEMPLE & PERRY, 1962; RIGO DE RIGHI & CORTESINI, 1964; 
LEBKÜCHNER, 1976; FONTAINE et al., 1989; HUSSEINI 1991; CATER and TUNBRIDGE, 1992; 
BOZDOĞAN et al. 1996; BOZDOĞAN and ERTUG, 1997). The S/D lithostratigraphic sequence is 
developed similar to its time-correlative counterparts in the Taurus Belt, although the thermal 
influence was much lower. 
 
Algeria 
Although most of the S/D-B sequences from Algeria are known from the subsurface, LEGRAND (1970, 
1977) described three sections situated in the Mountain chains of Ougarta (western Algeria). The 
continuous sedimentary succession consists mainly of shales with occasionally intercalated thin 
carbonate layers. The lithology as well as the biofacial content with the occurrence of Monograptus 
uniformis and Icriodus woschmidti is very similar to the stratotype section in the Prague Basin. 
Unfortunately there is no hint at the thermal stage of the sediments.  
 
Australia 
Silurian and Devonian deposits are predominantly exposed in the southeastern part of Australia in 
Victoria (GARRATT, 1983) and in New South Wales (JONES et al., 1981; COLQUHOUN, 1995). The 
best sedimentary successions for the location of the S/D-B are provided by the Yass sequence, some 
300 km southwest of Sydney (PHILIP, 1967 and 1971). The sediments document the uppermost part of 
a marine sequence, consisting distinctly of mudstones with algal limestone lenses. The occurrence of 
Icriodus woschmidti in one of these lenses indicates the passage into strata of Lochkovian age.  
 
People's Republic of China  
Well documented S/D-B strata were described very early by J. Coggin Brown and F.C.R. Reed in 
1917 from the Shidian district of the Western Yunnan Province (S-China). According to JAHNKE 
and SHI (1989) the S/D-B in this area corresponds to a minor transgression, documented in the 
lithological change from argillaceous limestone layers with evidence of sporadic wave agitation at the 
bottom (Pridoli) to shales and nodular micritic marls (Lochkovian). All recognized faunal elements in 
the Lochkovian sequence are typical for a pelagic environment. Because of the lack of Monograptus 
uniformis, the S/D-B was expected some centimeters below the occurrence of Monograptus uniformis 
angustidents and Icriodus woschmidti.  
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Argentina 
BENEDETTO et al. (1992) and VANNIER et al. (1995) located the S/D-B in the San Juan Precordillera 
(NW Argentina) based on brachiopods and ostracodes.  
The sediments are exposed in the uppermost 20m of the Cerro del Fuerte Section (Province of San 
Juan). They consist of distinctive purplish-red siltstones and fine sandstones with several basal 
accumulations of bioclastic layers (VANNIER et al., 1995), probably deposited in a very proximal 
(shore face) environment.  
 
3.1.5 Laurentia 
 
United States of America  
The S/D transition in North America is documented from the central Appalachians and from the Great 
Basin region. Fossiliferous sections crossing the S/D-B in the great Basin of the western United States 
are best developed in the Robert Mountains of central Nevada (e.g. JOHNSON et al., 1967, BERDAN et 
al., 1969). Many sections in this area are located in slightly faulted, steeply dipping homoclinal gravity 
slide blocks of very large dimensions (MURPHY, 1970). The most important sections from the point of 
view of the S/D-B are the Birch Creek and the Willow Creek Ranch section in the northern Robert 
Mountains. The lithology of the Birch Creek section mainly consists of thick bioclastic limestone beds 
and silty laminated limestone interbeds, whereas the predominant fine-grained, laminated, silty 
limestones of the Willow Creek Ranch section represent either a more distal facies and/or a lower 
energy level. In both sections, the S/D-B could be defined on the base of Monograptus uniformis 
(MURPHY, 1977).  
In the Appalachian Mountain region, the S/D-B is best developed in the Valley and Ridge Province of 
the Virginia-West Virginia-Maryland region where it occurs within the open marine Helderberg Group 
(SALTZMAN, 2002). For example, one locality is situated in the inactive Howe Cave limestone quarry 
near the northern margin of the Appalachian Foreland Basin in New York State (TUCKER et al., 
1998). The S/D sedimentary sequence is characterised by a grainstone/packstone shallowing upward 
subtidal lithofacies containing an opulent conodont fauna on which the S/D-B is restricted. 
Unfortunately, the S/D-B occurs within the erosional vacuity of the Howe Cave Unconformity 
(EBERT, 2001).  
 
Canada 
In the northeastern part of the Gaspé Peninsula (eastern Canada), Silurian and Lower Devonian 
marine strata crop out in the Madeleine River area at the northern margin of the Gaspé Siluro-
Devonian Synclinorium (BOURQUE et al., 1970 and 2000). At least four sections in this area contain 
the S/D-B, which was mainly determined by brachiopods. Sandy crinoidal calcite beds and bioclastic 
limestone levels, interstratified within siltstones and fine-grained sandstones reflect an outer shelf to 
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basin environment, where occasionally bioclastic debris from a nearby carbonate stromatoporoid reef 
disturbed the background sedimentation (BOURQUE & LESPÉRANCE, 1977).  
In the Canadian Arctic Archipelago (northern Canada) many outcrops embrace the S/D-B in 
contrasting facies such as graptolitic, shelly, redbeds and flysh deposits (KERR 1974; KERR et al., 
1977; GOODBODY et al., 1988). The most informative sedimentary sequences as graptolitic limestones 
and shales were deposited in a deep-water basin, extended to the northeast of Cornwallis Island 
(GIBLING & NARBONNE, 1977). In the section on Twilight Creek, Bathurst Island, the S/D-B is 
included in a graptolitic calcareous shale sequence, which displays the lower part of a shallowing 
upward cycle due to a local uplift during the S/D-B time. The boundary is defined by the appearance 
of Monograptus uniformis. The S/D-B interval in the section at Washington Point, Baillie Hamilton 
Island, is built up by silty and arenaceaous limestones. The boundary is constrained some meters 
below the occurrence of the trilobite Warburgella rugulosa canadensis and the conodont Icriodus 
woschmidti (KERR et al., 1977).  
In the central region of the northern Yukon Territory (northwest Canada) the Royal Creek area is the 
best-known site for Upper Silurian and Lower Devonian sequences in the northwestern Canadian 
Cordillera (LENZ, 1969). Sediments crossing the S/D-B were well documented by LENZ (1977) at least 
for the Royal Creek section II and the Hart River section. In both outcrops the lithology consists 
mainly of shales, calcareous shales and embedded dark limestones reflecting a small enclave of deeper 
water sedimentation in a restricted basin. According to LENZ (1969) the shales of the Hart River 
section yield a rich graptolite fauna including the Monograptus uniformis zone in which the Lower 
Lochkovian index trilobite Warburgella rugulosa canadensis occurs in the carbonate levels; other 
faunas are sparse. In the Royal Creek section II, the more carbonate-dominated sediments include a 
diverse fauna with e.g. brachiopods, conodonts, gastropods, trilobites, ostracodes, echinoderms and 
sponges. In contrast to the Hart River section, the absence of distinctive graptolites and a 10m gap in 
the S/D stratigraphic succession leads only to a boundary interval documented by brachiopods and 
conodonts. 
 
The first step of site selection was done by filtering out all sections, which display most likely strong 
tectonized units and thus low-grade dynamothermal metamorphism (greenschist facies), low organic 
carbon contents due to lithological characteristics (e.g. red beds, pure sandstone, limestone sequences) 
and erosional gaps. This led to the elimination of the following sections: 
• Germany: Ebbe anticline, Harz Mts., Taunus anticlinorial structure (strongly tectonized) 
• Austria: Carnic Alps (strongly tectonized and low TOC contents)  
• Italy: Sardinia (strongly tectonized) 
• England: (low organic carbon contents) 
• United States of America: Roberts Mts. (tectonized, low TOC contents), How Cave Quarry 
(erosional gap, low TOC contents)  
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• Spain: Eastern Iberian Chains (low TOC contents) 
• Canada: Gaspé Peninsula (low TOC contents) 
• Turkey: Taurus Belt (partly tectonized, relatively high thermal maturity of OM) 
 
 
 
 
3.2 Organic geochemical evaluation of potential sites 
 
During the last three years, six of the remaining areas (i.e. the locations in NW and SE Turkey, NW 
and SE Morocco, SW Ukraine and SW Poland) were visited and subsequently samples from eleven 
sedimentary sequences crossing the S/D-B were collected in order to characterise the sediments and to 
verify the amount as well as the quality of the embedded organic matter (Tab. 3.1). 
 
Carbonates and shales from the Esenyali cores (Istanbul Terrane, NW Turkey) yield only traces of 
organic carbon, probably due to the strong tectonic overprint. Neither S1 nor S2 hydrocarbons were 
detected by rock-eval pyrolyses.  
 
Carbonates and shales from the Volkovtsy section (Dnestr Basin, Podolia, SW Ukraine) display 
similar low organic carbon contents, although there are small detectable amounts of S2-hydrocarbons. 
The low organic carbon contents of the tectonically undisturbed samples from the Volkovtsy section 
can be explained by the oxidation of organic carbon during intense weathering and biodegradation. A 
borehole through the S/D boundary would provide sediments with better preserved OM and thus 
higher amounts of S2 hydrocarbons.  
 
Though carbonates and shales from both sections of the Rabat-Tiflet area (NW Morocco) exhibit 
fairly high organic carbon contents with a mean of 0.6%, the released hydrocarbon concentrations 
during pyrolysis are very small, probably related to a strong thermal overprint as a result of deep 
burial. Neither the samples from the Esenyali cores nor the samples from the Rabat-Tiflet area and 
from the Volkovtsy section can be used for an estimation of the thermal maturity, because the S2 peaks 
are lower than 0.2mg/g rock, which results often in inaccurate Tmax-values (PETERS, 1986).  
 
Black graptolitic shales and cherts from the Zdanow section (Bardzkie Mts., SW Poland) display high 
organic carbon contents of 2.23% on average, but comparably low hydrogen-indices. Tmax-values of 
544°C can be converted according to ESPITALIÉ (1985) to an equivalent vitrinite reflectance of about 
2% Rr, suggesting a high thermal maturation stage (Fig. 3.1).  
 
The shales from the second Moroccan S/D-B locality at Mt. Issimour (Antiatlas, SE Morocco) reflect 
with a mean of 1.3% likewise high organic carbon contents, but again thermal alteration (equivalent to 
1% Rr) degrades the contained organic matter.  
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Despite fair organic carbon contents with 0.28% on average and a relatively low maturity stage 
equivalent to 0.7% Rr, the carbonates and shales from the Chudkovtsy section in the Dnestr Basin 
(SW Ukraine) indicate largely oxidised organic matter with a mean of 25mg HC/g TOC.  
 
Better-preserved organic matter could be observed from the limestones and siltstones of the formerly 
evaluated S/D-B stratotype section Klonk (Prague Basin, Czech Republic). The analyzed samples 
indicate an average organic carbon content of 0.93%, which generates approximately 111mg HC/g 
TOC during further thermal alteration. The maturity of the sediments can be compared to a vitrinite 
reflectance of 0.7% Rr. Considerable fluctuations in the quality of the organic matter from 5 to 195mg 
HC/g TOC are related to the carbonate content (Fig. 3.1).  
 
Organic geochemical screening data of micritic siltstones and limestones from the Hazro-II 
exploration well (southern flank of the Hazro Anticline, SE Turkey) reflect low organic carbon 
contents between 0.03 and 0.26%, but comparably high hydrogen indices of 30 and 143mg HC/g TOC 
respectively. Tmax-values of 438°C on average point to a low thermal maturity of the sediments, 
although the samples were taken from a depth interval between 3770 and 3790m. Organic matter from 
such great depths produces normally only condensates and wet gas due to its late catagenetic stage. 
However, the depth-related hydrocarbon formation can vary according to the nature of the original 
organic matter, its burial history and the geothermal gradient. Therefore, a short residence time under 
an extremely low geothermal gradient may preserve low mature organic matter in great depths.  
 
Outcrop samples from the same stratigraphical interval in the inner core of the Hazro Anticline, 
Fetlika section, indicate almost the same quality of the embedded organic matter. Even though the 
organic facies is characterized by low organic carbon contents of 0.32% on average, the mean Rock-
Eval Tmax-value of about 432°C put these sediments again in an unusual immature thermal stage, 
comparable to ~0.5-0.6% Rr. Excellently preserved palynological assemblages confirm the Rock-Eval 
results.  
 
In order to get unweathered organic material and a more complete S/D sedimentary succession, the 
250m deep, fully cored Fetlika-I borehole was recently drilled, approximately 750m southeast of the 
Fetlika section in the northwestern part of the Hazro Anticline (Fig. 4.4). 120 samples distributed 
throughout the whole core contain organic carbon in a range from 0.06 to 1.78% with an average value 
of 0.49% TOC. Depending on the lithology, the quality of the organic matter varies between 89 and 
427mg HC/g TOC. Two thirds of the samples display a reliable Tmax-value of 430°C on average, 
which corresponds to a low thermal maturity of about 0.5% Rr similar to the Fetlika outcrop.  
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Fig. 3.1.  The HI/Tmax plot after ESPITALIÉ (1985) gives an overview of the investigated S/D-B localities 
concerning the quality and the thermal maturity of the embedded organic matter. Data from the Klonk-1 
core (see also Tab. 5) display the variation of OM-quality (type II/type III) due to different depositional 
conditions. The samples from the Hazro area (Southeast Turkey) are most suitable for organic 
geochemical analyses.  
 
Summary – Organic geochemical screening 
Among the eight preselected S/D-B locations from NW and SE Turkey, NW and SE Morocco, SW 
Ukraine and SW Poland, the sediments from the Hazro area (SE Turkey) document an exceptional low 
thermal stage (0.53% Rr according to ESPITALIÉ et al., 1984), so far unknown for this geologic age. 
Additionally, the high diversity and occurrences of excellent preserved palynomorph assemblages 
(ERKMEN & BOZDOĞAN, 1979; FONTAINE et al., 1980; MENDELSON, 1993), which are probably 
responsible for the release of S2 hydrocarbons during pyrolysis, make the sediments from the Hazro 
area the most reliable in the context of organic geochemical analyses.  
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The southeastern Anatolian region constitutes with approximately 90.000 square kilometers the 
smallest part among the seven geographical districts (i.e. Black Sea, East-, Southeast and Central 
Anatolian, Mediterranean, Aegean, and Marmara) of Turkey. Its landscape, the broad plain of upper 
Mesopotamia, is formed by a hilly plateau with minor relief, cut by the Euphrates and Tigris Rivers 
which flow around the basaltic volcano complex of Diyarbakır. The area is situated geologically on 
the northern margin of the Greater Arabian Basin (AL-LABOUN, 1986) or Arabian Plate, which 
contains sediments ranging from Paleozoic to Tertiary in age. Neotectonic (post-Miocene) structures 
as the East Anatolian Fault Zone and the Dead Sea Fault Zone define the recent northern and eastern 
plate boundaries (Figs. 4.1, 4.2). During the Late Cretaceous to Miocene period, the collision between 
the Taurus platform in the north and the Arabian continent in the south caused a long roughly east-
west trending overthrust zone (nappe zone) with a wide folded belt area in front of it (e.g. YILMAZ et 
al., 1993). Southeast Turkey lies largely within the northern part of this folded zone where a series of 
east-west trending anticlines were pushed up south of the overthrust mass of the Anti-Taurus 
Mountains (TEMPLE & PERRY, 1962). The region is separated from the Anatolian plateau of Central 
Turkey in the north by the Taurus orogenic belt and to the south by the Deir-ez Zor uplift and the 
Palmyra Mountains of northern Syria (CATER & TUNBRIDGE, 1992). The NE-SW trending ridge of the 
Amanos Mountains delineates the western boundary of the area, whereas the above-described tectonic 
elements extend further eastwards into Iraq and Iran. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.1. The northern part of the Arabian plate and its tectonic framework 
(from TEMPLE & PERRY, 1962) 
4 Geology of the study area 
 Fig. 4.2 
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According to the main tectonic structures, RIGO DE RIGHI & CORTESINI (1964) subdivided Southeast 
Turkey into three main provinces (Fig. 4.2): 
• The foreland area and the folded belt in the south are made up mainly by gentle folded Meso- to 
Cenozoic carbonate sequences. 
• Towards the north follows the foothill structure belt where Paleozoic to Upper Tertiary 
sedimentary sequences have been affected by intense alpine tectonism, which caused 
asymmetrical anticlines (e.g. the Hazro Anticline in Fig. 4.2), displaying a high structural relief. 
• The Taurus orogenic ridge adjacent to the north of the foothill structure belt is mainly composed 
of metamorphosed allochthonous rock units (zone of imbrication and nappe region).  
The autochthonous sedimentary sequences of the foreland area, folded belt and foothill structure belt 
belong to the Arabian Plate and build up the Border Folds region (e.g. FONTAINE et al., 1989). 
 
 
Fig. 4.2. Geologic map of Southeast Anatolia with the main tectonic units (YILMAZ, 1993) 
 
The best-known site to study the non-metamorphic Paleozoic sedimentary sequences of the Turkish 
Border Fold Zone is situated approximately 75km northeast of the city Diyarbakır. The area is 
characterised by an 80km long WNW-ESE trending anticline, rising up at the southern edge of the 
foothill structure belt. Inside this broad eroded anticline, named by TOLUN (1949) “Anticlinal du 
Hacertun Dağ” (Hazro Anticline) after the highest elevation point, the thickness of the sediments 
reaches almost 700m from Silurian to Tertiary ages, comprising several prominent unconformities.  
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4.1 Paleozoic stratigraphy of the Hazro Anticline 
The inner Paleozoic core in the western part of the Hazro Anticline is shifted up at two main fault-
structures, which are trending nearly parallel at the southern and northern flanks of the anticline (Fig. 
4.3). Therefore, the limited exposure of Lower Paleozoic sedimentary sequences in the western part is 
due to the circumstances of this uplift and the following erosion. However, Paleozoic sediments 
comprise Upper Silurian to Upper Permian deposits with a considerable erosional unconformity 
between the Lower Devonian and the base of the Upper Permian sequences (Fig. 4.4). As a 
consequence, the regional sedimentary succession is divided into two main lithostratigraphic units, the 
Diyarbakır and the Tanin group. 
 
The Diyarbakır group enfolded Upper Silurian to Upper Devonian deposits of the Dadaş-, Hazro- and 
Kayayolu Formations, respectively (PERINCEK et al., 1991). The Dadaş Formation is subdivided 
traditionally into three members according to litho- and biostratigraphic characteristics (BOZDOĞAN, 
unpubl.; FONTAINE et al., 1980). At the type section in the northwestern part of the Hazro Anticline 
near the village Dadaş, the sediments are exposed with a total thickness of approximately 140m, partly 
on both flanks of the Fetlika valley, although the lower member of the Formation is not visible at the 
surface (Fig. 4.3). The middle Dadaş member is mainly composed of grey shales whereas the 66m of 
the following upper Dadaş member consist of shale-limestone alternations (calcareous sequence), 
which grade in the upper part of the section into dolomitic sandstone beds with shale intercalations. 
Based on acritarch assemblages, the Dadaş Formation is assigned to a Wenlockian to Lochkovian age 
(BOZDOĞAN et al., 1988 in BOZDOĞAN and ERTUG, 1997) 
 
The Hazro Formation overlies the Dadaş Formation conformably (Fig. 4.3). The type section is also 
located within the Hazro Anticline, approximately five kilometres west of the town of Hazro. There, 
the sediments crop out with a total thickness of about 90m. The Hazro Formation is composed of 
shales, cross-bedded sandstones and stromatolitic carbonates with siltstone intercalations in the lower 
part and sandstone-siltstone alternations with dolomitic limestone bands in the upper levels 
(BOZDOĞAN, pers. com.). BOZDOĞAN et al. (1988) and BESSEMS & SCHURMAN (1990) in BOZDOĞAN 
and ERTUG (1997) have suggested that the age of the Hazro Formation is Lower to Middle Devonian.  
 
The sedimentary sequence of the Kayayolu Formation is only mentioned for the sake of completeness, 
because it is not preserved in the core of the Hazro Anticline but known from two wells in the north of 
the Petroleum District X. In one of these wells, the Formation reaches a total thickness of nearly 
150m. It is mainly composed of sandstones, dolomites and shales with evaporitic units in the 
lowermost part (BOZDOĞAN and ERTUG, 1997). According to BOZDOĞAN et al. (1988) and BESSEMS 
and SCHURMAN (1990) in BOZDOĞAN and ERTUG (1997), the analyses of spore-pollen and acritarch 
assemblages of this unit point most likely to a Middle Devonian age.  
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Late Devonian to Early Carboniferous shallow marine sediments were deposited only in the eastern 
and western parts of SE Anatolia (BOZDOĞAN & ERTUG, 1997). The absence of Carboniferous and 
Early to Middle Permian strata indicates that the Hazro area still exhibited a positive relief during 
these times. However, the deposition was reactivated with the beginning of the Late Permian. In 
general, the Permian sediments of Southeast Anatolia are summarised in the Tanin group which is 
differentiated by two Formations: The clastic sediments of the Upper Permian Kaş Formation 
(BOZDOĞAN & ERTUG, 1997) are exposed with a thickness of about 32m near the little village Kaş in 
the western part of the Hazro Anticline. The unit is typically characterised by the occurrence of several 
coal seems. As already mentioned above, the contact to the underlying Hazro Formation is 
unconformable.  
 
Depending on the main lithological characteristics, the following Gomaniibrik Formation is divided 
into three members (A, B, C): carbonates at the base and top and siliciclastics in the middle part of the 
Formation. At the type locality, situated in the eastern part near Hazro, the sediments crop out with a 
total thickness of about 195m. Based on palynomorph assemblages it is suggested that the age of the 
Formation is Upper Permian (BOZDOĞAN & ERTUG, 1997; FONTAINE et al., 1980). In the Hazro area, 
the sediments of the Gomaniibrik Formation are unconformably overlain by Mesozoic (Triassic) 
sequences.   
 
 
4.2 The Silurian/Devonian exposure in the Fetlika valley, northwestern part of 
the Hazro Anticline 
As already stated, Silurian and Devonian sediments of the Dadaş and the Hazro Formation are well 
exposed with a total thickness of almost 140m, partly on both flanks of the Fetlika valley in the 
northwestern part of the Hazro anticlinal structure (Fig. 4.4 a). The lower part of this narrow valley is 
characterised by the exposure of the 66m thick homogenous grey shale-sequence of the middle Dadas 
member (Fig. 4.3, down to the right). The landscape of the upper valley-area is build up by the shale-
limestone alternations of the Upper Dadas member which grade into a 20m thick impregnated and 
crossbedded sandstone body of the lowermost Hazro Formation (Fig. 4.3, top right).  
At least throughout the last thirty years, there have been several attempts to mark the S/D-B especially 
on the basis of acritarch assemblages (e.g. ERKMEN & BOZDOĞAN, 1979; FONTAINE et al., 1980) but 
to date the boundary is not clearly defined, due to the discontinuous occurrence of the most common 
acritarch assemblages (ERKMEN & BOZDOĞAN, 1979). However, according to FONTAINE et al. (1980) 
and BOZDOĞAN (unpubl.) the S/D-B should be located somewhere in the calcareous sequence of the 
upper Dadaş member which is the equivalent to the Dadaş II member proposed by FONTAINE et al. 
(1980). The location of the Fetlika-I borehole is situated in the southeast, about 750m away from the 
Fetlika outcrop on the top of the Hazro sandstone (Fig. 4.4 b).  
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Fig. 4.3. The generalised Paleozoic sedimentary sequences of the Hazro uplift area (adopted from BOZDOĞAN, 
pers. com.). The photos show the exposures of parts from the middle and upper Dadas member on the northern 
and on the southern flank of the Fetlika valley (northwestern part of the Hazro Anticline). 
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Fig. 4.4. Geological sketch map and cross-sections from the western part of the Hazro Anticline (redrawn 
after LEBKÜCHNER, 1976 and BOZDOĞAN, pers. com., 2000) 
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5.1 Lithostratigraphic record of the Fetlika outcrop section 
The segment of the Fetlika outcrop that supposedly contains the S/D-B starts at the location of 
measured stratigraphic section with a one-meter thick shaly interval which grades upwards in a sand 
dominated sequence. This prominent lithostratigraphic change is equivalent to the log-based Middle to 
Upper Dadaş Formation boundary. The very thin to lenticular and flaser bedded fine-grained 
sandstones build up a four meter thick homogenous sequence (Fig. 5.1a). A bundle of coarser grained 
sandstone layers in the lower half of the succession display planar cross bedding structures. Many 
sandstone layers include trace-fossils as simple vertical burrow systems (Skolithos ichnofacies) or as 
sinuous tracks on the lower bedding planes (Cruziana ichnofacies, Fig. 5.38).  
A distinct lithological change follows at the top of the sandstone sequence, where alternations of 
several cm-thick erosive bioclastic limestone beds and siliciclastic interbeds abruptly interrupt the 
sandstone facies. The different bioclastic layers consist mainly of crinoidal fragments, shell fragments 
and bryozoans in varying proportions. In contrast to the siliciclastic dominated lower part of the 
section, the sediments in the upper part display over a thickness of about nine meters, rhythmic 
alternations of at least 39 thin to medium bedded limestone layers and fissile micritic siltstone 
intercalations (Fig. 5.1b). Some limestone beds are intensely bioturbated by Diplocraterion u-shaped 
burrows. If bioturbation or diagenetic effects have not destroyed the stratification, parallel lamination 
is visible. Primary internal structures of the siliciclastic interbeds are absent due to weathering effects, 
although the fissile character indirectly points to planar lamination. Generally, back-to-back deposited 
calcareous sequences documented as amalgamated limestone beds as well as nodular limestone layers 
occur more frequently in the upper part of the section. A detailed stratigraphic description of the 
Fetlika section, including the sample levels and the variation of the main mineralogical phases is given 
in the Appendix A.2. 
 
 
 
Fig. 5.1. Lenticular and flaser bedded sandstones from the lower part (a) and rhythmical alternations of (nodular) 
limestone beds and siliciclastic interbeds from the upper part of the Fetlika section (b).     
 5  Sedimentology 
5 Sedimentology (Fetlika outcrop)   
 45 
 
 
 
Fig. 5.2. The lithostratigraphic record of the Fetlika outcrop shows in the lowermost part mainly shales of the 
middle Dadaş member overlain by lenticular and flaser bedded sandstones of the upper Dadaş member. The 
upper half of the section is characterised by a rhythmic succession of calcareous beds and siliciclastic interbeds.  
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5.1.1 Microfabrics and sedimentary structures 
Sixteen thin sections from the Fetlika outcrop have been examined petrographically with the intent to 
describe the composition and formation of discrete particles and their contribution to significant 
sedimentary structures and thus to identify the former depositional processes as well as possible post 
depositional (diagenetic) overprints (Appendix A.3). The microscopic observations led to the 
recognition of three major microfacies types: 
• MF-1 (Microconglomerate or sandy allochem limestone) 
• MF-2 (Bioclastic silty allochem limestone) 
• MF-3 (Laminated to bioturbated silty biomicrite or biomicritic siltstone) 
 
MF-1 (Microconglomerates or sandy allochem limestones) 
Microconglomerates or sandy allochem limestones are solely restricted to two thin beds in the 
lowermost part of the section between 0.33 and 0.52m (Fig. 5.2). The beds are probably discontinuous 
with a lensoid shape, which tapers out at the edges. The sediment is mainly composed of subrounded 
lithoclasts (quartz) and abraded phosphatic microgastropod fragments of different shapes partially 
embedded in a micritic matrix. The thin-section from sample Ba02 (Fig. 5.3) displays at least four 
intervals, separated from each other by the discontinuity surfaces DS1-DS4. The succession begins 
with an erosive contact to the adjacent interbed. Litho- and bioclasts above build up a small inverse 
graded (coarsening upward) interval, overlain by a normal graded (fining upward) sequence. The 
poorly sorted and sporadically imbricated coarse clasts at the base of the normal graded domain are 
floating in the micritic matrix, whereas the particles at the top of the sequence are nearly grain-
supported and display a better sorting. Altogether four of such sequences made up the thin section of 
sample Ba02, although the inverse graded lowermost intervals are not always clearly traceable.     
 
Discussion/Interpretation (MF-1) 
The microfabrics from the bed a02 point to a tempestite or debris flow sequence, deposited by several 
high to moderate density flows or currents. Discontinuity surfaces (DS) are erosional surfaces and 
denote the onset of a following traction carpet (amalgamation). Sole marks at the base of the thin-
section as well as imbricated clasts in the normal graded domains indicate a unidirectional flow regime 
with changing directions from sequence to sequence (Fig. 5.3). Basal inverse grading was probably 
caused by different density between lithoclasts and biodetritus (e.g. EBERLI, 1991). The allochthonous 
phosphatic microgastropod fragments derived from buried organic debris where phosphatisation (i.e. 
the precipitation of fluorapatite) incorporated the preserved organic hard-parts and internal sediments 
in organism cavities. HAMBLIN and WALKER (1979) postulated a sedimentary model to explain the 
emplacement of storm sands in shelf successions. According to their theory, such density flows or 
currents are initiated by storm surge erosion in coastal areas, flowing perpendicular from the shoreline 
to the inner shelf region.     
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Fig. 5.3. Stained thin-section photograph of the microconglomerate from bed no. a02 (MF-1) displays 
several successive fining upward sequences. DS1-DS4, discontinuity surfaces.  
 
 
MF-2 (Bioclastic silty allochem limestone) 
This microfacies type is invariably restricted to a sequence of five discrete fossiliferous coquinas in 
the middle part of the Fetlika section between 5.4 and 6.0 meters. The bioclastic layers are mainly 
composed of benthic assemblages that are dominated by colonies or fragments from cryptostome 
bryozoans, fragmental clasts or whole specimens from echinoids, molluscs, brachiopods as well as 
centimetre size dolomitic (xenotopic) intraclasts (mud clasts).  
The stained thin-section from bed B02 (Fig. 5.4a) displays a good example for the distribution of the 
ferroan-calcitic bioclasts, embedded in a micritic/silty matrix although many particles are grain 
supported. The erosive character of the carbonate bed is documented by an irregular lower bedding 
surface. Horizontal embedded mud clasts, coarser than 5mm are restricted to the lower part of the 
layer, whereas a preferred orientation of the much smaller bioclasts is not visible. Several preserved 
living chambers from brachiopods and/or bivalve specimens show distinct geopetal fillings (Fig. 5.4b).  
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The remaining intraparticle pore space is filled by two successive cement generations: a radiaxial 
fibrous cement that forms an isopachous fringe on the inside of the shell and an equant sparry calcite 
in the centre of the void.   
 
 
Fig. 5.4. (A) Stained thin-section photograph of the bioclastic layer from bed no. 02 as example for 
MF-2. The sediment mainly consists of bryozoans (br), crinoidal fragments (cf), shell fragments (sf) 
and gastropod chambers (ga). Turquoise to green coloured dolomitic intraclasts (mud clasts, mc) occur 
predominantly in the lower part of the thin-section. (B) Geopetal fabric - enlarged sector shows an 
undulated calcitic brachiopod chamber, which was filled synsedimentary with muddy sediment. The 
remaining pore space was crystallised by fibrous cement (fc) and sparry calcite (sc). 
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Discussion/Interpretation (MF-2) 
Microfacies type 2 represents a combination of a transgressive lag and a condensed onlap deposit. 
Incorporated coarse-grained mud clasts along the bases of the sedimentary successions were derived 
from older sequences by shoreface erosion during an initial marine transgression. These transgressive 
lags are grading upward into condensed onlap deposits due to the relative decrease of mud clasts. The 
distinct bimodality between the subordinate silty matrix and the calcareous clastic inventory was 
generated by at least two different depositional processes. Unimodal distributions of the poorly sorted 
very fine silt and clay matrix (chapter 5.1.4) point either to quiet-water conditions where relatively 
small siliciclastic amounts were settled out of a suspension or the sediment was washed out 
postdepositional by winnowing so that only the coarse clasts as well as the siliciclastic particles finer 
than 10µm remained due to their cohesive behaviour (MCCAVE et al., 1995). However, both processes 
reflect a relative starvation of the siliciclastic supply.  
The diverse parautochthonous bioclastic assemblages of epibenthic (living on the seafloor) and 
endobenthic (living within the substrate) organisms show the species richness of the shallow marine 
habitat. The high proportion of bryozoans, i.e., suspension feeders may indicate nutrient-laden currents 
(BRENCHLEY & HARPER, 1998) and probably the taphonomic feedback after shell accumulation on the 
shallow marine sea floor, because bryozoan colonies preferably encrusted all types of hard substrates 
such as rocks or shells (MCKINNEY & JACKSON, 1989).  
Evidence for post depositional diagenetic processes is seen in the intraparticle pores by two different 
cement types both generated in the shallow marine environment. In a first stage, metastable 
magnesium calcite or aragonite precipitated out of calcium carbonate-supersaturated fluids in the pore 
space. As a result, radiaxial fibrous magnesium calcite or aragonite crystals build up a small fringe on 
the inner edge of the fossil chambers which stabilized during burial to low magnesium calcite or 
dolomite. The remaining pore space was filled during a second cementation phase by an equant sparry 
calcite. Most marine cementation processes are linked directly to the flux of CaCO3-supersaturated 
surface waters through the sediment (e.g. MOORE, 1989). Therefore, condensed onlap deposits are 
favoured in respect of cementation because restricted sedimentation rates as well as winnowing 
currents assure adequate pore-water exchange. The muddy calcareous matrices as well as the mud 
clasts undergo a fracture and bedding plane related late dolomitization, probably caused by 
magnesium rich circulating fluids.  
 
MF-3 (Laminated to bioturbated silty biomicrite or biomicritic siltstone) 
Both laminated to bioturbated silty bioclastic micrites and biomicritic siltstones constitute the 
predominant microfacies type in the upper part of the Fetlika section (i.e. above six metres). This 
facies type is divided into three subtypes, according to mineralogical composition and sedimentary 
structures.  
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MF-3, Subtype A (Parallel laminated and graded silty biomicrite) 
Generally, this microfacies subtype is composed of a ferroan calcitic matrix and accumulations of thin 
normally graded (fining upward) siltstone laminae. Vertical burrows of the Skolithos ichnofacies 
disturb the sedimentary structures in the uppermost divisions of this facies type. Due to microscopic 
observations the calcitic matrix again consists of dark very thin-walled and slightly convoluted shell 
fragments (< 100µm) orientated more or less parallel to the silty laminae in a ferroan micrite. 
Therefore, the calcitic matrix is termed biomicrite. 
The thin-section of the complete limestone bed no. 02a (Fig. 5.5) shows a lowermost sandy bioclastic 
layer, which is overlain by a slightly graded and parallel laminated, silty to sandy calcitic sequence.  
The shell fragments of the basal interval (DS1-DS2) are ± horizontal embedded in the sandy laminae. 
The overlying interval (DS2-DS3) displays a remarkable Diplocraterion burrow trace.  
 
Fig. 5.5. Stained thin-section photograph of limestone bed no. 02a displays a basal bioclastic, followed by a 
slightly graded interval.  
 
In comparison to B02a, limestone bed no. 05 is built up by the same lithology, although the basal 
bioclastic division lacks completely (Fig. 5.6). The sequence starts with a faint silty parallel-laminated 
interval (DS1-DS2). This lower part is truncated by coarse silty to sandy laminae which successively 
grade upward into a mud dominated zone where parallel lamination is sparsely developed. The 
overlying short parallel cross-laminated interval (DS3-DS4) is again truncated by high frequent 
accumulations of silty to sandy laminae, getting finer towards the top of the bed (DS4-DS5). Similar to 
the thin-section of limestone bed no. 02a the stratification of the uppermost interval of bed 05 is partly 
disturbed by several vertical tubes.         
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Fig. 5.6. Stained thin-section photograph of limestone bed no. 05 represents the sedimentary 
structures of MF-3a. A microphotograph of the white frame shows several Tasmanites 
phycomata, which are embedded in the rock matrix (see Appendix B.13, B1 and B2). 
 
MF-3, Subtype B (Intense bioturbated silty biomicrite) 
Sediments of microfacies subtype B are characterised by an intense bioturbation. Hence, the original 
sedimentary structures are either absent or only faintly preserved. The thin-section from the upper part 
of bed no. 11 reflects a typical example of this microfacies type (Fig. 5.7). Horizontal bedding 
structures have been almost completely destroyed, although the stained thin-section displays several 
intervals of different mineralogical composition. These intervals may indicate former zones of 
consistent depositional conditions. Typical bioturbation traces such as burrows are not visible in the 
lower part of the thin-section, whereas the uppermost part displays bioturbation textures of both 
Skolithos and Cruziana ichnofacies. The vertically oriented sand-filled tube is identified as 
Monocraterion because of the funnel-like projection at the top of the burrow. Burrows parallel to the 
upper bedding planes belonging to the ichnogenus Chondrites, a branching, vertically to horizontally 
oriented, feeding burrow of the Cruziana suite (PEMBERTON et al, 1992). 
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Fig. 5.7. Stained thin-section photograph of bed no. 11 shows a completely bioturbated succession, although 
bioturbation traces are only visible on the top of the sequence. 
 
MF-3, Subtype C (Lenticular and planar laminated dolomitic siltstone) 
In comparison to the above-described subtypes of MF-3 the sediments of this microfacies type consist 
only of quartz and dolomite. Convolute to lenticular as well as planar laminae are the predominant 
stratification structures. Observed discontinuity surfaces display often erosional contacts to the 
underlying sediment. The thin-section from the lower six centimetres of bed no. 33 (Fig. 5.8) shows 
the main sedimentary structures of this facies type. Altogether four fining-upward sequences of 
different thicknesses are documented. The initial stage of each sequence is marked by the 
accumulation of coarse silt that partially deformed the underlying sediments. This depositional process 
is reflected by bipolar sole marks called gutter casts. The overlying sediment is either sub parallel 
planar laminated (DS2-DS3) or convolute to lenticular laminated (lowermost sequence up to DS1 and 
DS3-DS4), whereas the structures of the latter sequences point probably to cross-stratified intervals. 
The main part of the thin-section is silicified (unstained). Ferroan dolomite (pale turquoise stained) 
occurs only in the upper part of the lowermost fining-upward sequence and in the uppermost part of 
the thin-section (Fig. 5.8).   
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Fig. 5.8. Stained thin-section photograph from the lower six centimetres of bed no. 33 displays gutter casts at 
the base of each fining upward sequence. 
 
Discussion/Interpretation (MF-3) 
Microfabrics and sedimentary structures such as fining upward sequences with coarse 
bioclastic/siliciclastic erosive bases, sole marks, cross bedding stratification, bioturbation traces of the 
Skolithos and Cruziana ichnofacies on the top of the sequences as well as redeposited bioclasts of the 
biomicritic matrix are characteristic features of storm layers (tempestites), deposited in a shallow 
marine environment (e.g. EINSELE, 2000; JOHNSON & BALDWIN, 1986; PEMBERTON et al., 1992). For 
example, the thin bioclastic base with a following slightly normal graded and bioturbated interval of 
bed no. 02a displays a typical sequence of a thin-bedded distal mud tempestites. Cross-bedding and 
lenticular-wavy bedding of the beds no. 05 and no. 33 are current- and/or wave-induced sedimentary 
structures. However, the structural composition of thin-section no. 5 is similar to a silt-mud turbidite 
sequence (PIPER & STOW, 1991), but the stratigraphic context e.g. amalgamation, relative rapid facies 
changes in their vertical sequences, interbeds with similar mineralogical composition as well as the 
lack of ichnological signatures of deep sea biotopes point more likely to shallow marine tempestite 
deposits. 
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The activity of endobenthic organisms in the first centimetres below the water-sediment interface 
caused the bioturbated and thus the confused stratification of the silty biomicrites of microfacies-type 
MF-3 B. On the other hand, turbated sequences where distinct bioturbation traces lack (e.g. lower part 
of bed 11), may have originated during severe storm events by completely or partially wave or current 
induced reworking of the previously deposited sediments. As recognisable in the stained thin-section 
of bed no. 33, sediments of the lenticular and/or planar laminated dolomitic siltstones (MF-3 C) have 
undergone at least two closely connected late diagenetic phases. In the first phase, the formerly 
calcareous matrix was completely replaced by dolomite, due to magnesium rich meteoric water. As a 
consequence, the porosity of the sediments can increase up to 13%, because dolomite has a more 
compact crystal structure than calcite (TUCKER, 1991, p 153). In this new pore space, quartz 
aggregates have subsequently crystallised by circulation of solutions enriched in silicic acid.  
 
Summary - microfabrics and sedimentary structures 
Microfacies analysis of sixteen thin-sections from the Fetlika outcrop yields three major microfacies 
types. Microconglomerates (MF-1) occur solely in two thin beds at the base of the section. They 
document relative small and proximal mass flow events, initiated most likely by storm surge erosion in 
coastal areas. Bioclastic silty allochem limestones (MF-2) are restricted to a short interval in the 
middle part of the section. They are interpreted as several transgressive lag deposits that are grading 
successively in condensed onlap sediments. The high proportions of bryozoans indicate nutrient laden 
currents in a shallow marine habitat. Laminated to bioturbated silty bioclastic micrites or micritic 
siltstones (MF-3) dominate the upper interval of the Fetlika section. They testify to storm induced 
sedimentation processes in a shallow marine environment. According to mineralogical and structural 
features, MF-3 can be divided into three subtypes. Parallel laminated and graded silty biomicrites 
(subtype A) reflect more or less distal storm deposits (tempestites), against which lenticular and planar 
laminated dolomitic siltstones (subtype C) display the proximal counterparts. The completely 
disturbed stratification of subtype B is most likely due to an agitation of the sediments by wave and/or 
current action during heavy storm events, which is followed by an intense bioturbation by shallow 
marine endobenthic organisms during relative quiet sedimentation phases. Due to the partially intense 
weathering grades of the exposed shales and sandstones, microfacies types from the lowermost shale 
sequence, the sandstone sequence as well as from the siliciclastic intercalations of the calcareous 
sequence have been described from samples of the Fetlika-I borehole in chapter 5.2.1. 
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5.1.2 Bulk mineralogical composition 
Generally, the sediments from the Fetlika outcrop exhibit a mixture of carbonates and siliciclastics. 
The carbonate portion consists of calcite and/or dolomite, whereas the siliciclastic fraction comprises 
mainly quartz, alkali-feldspar (orthoclase), illite/muscovite and kaolinite. Chlorite, fluorapatite as well 
as pyrite occur only in minor amounts. The sequence related mineralogical variation is displayed in 
figure 5.9.   
 
Calcite [CaCO3] 
Mainly purple to royal blue colours of the stained thin-sections (chapter 5.1.1) indicate a certain 
portion of ferrous iron within the calcite crystal-structure. The amount of calcite varies from 0 to   
90w.-%. The lower part of the investigated section is comparatively poor in calcite. It is characterised 
by a decreasing calcite content from 55w.-% (microconglomerates) at the base, culminating upwards 
to nearly 0w.-% between 3.30 and 5.50 metres. With the onset of the bioclastic layers shortly above 
5.50m, the calcite portion of the beds jumps up to an average value of 80w.-%, whereas the calcite 
content of the interbeds increases from nearly 0 to 30w.-% (Fig. 5.9). Above 8.60m the calcite 
contents from both beds and interbeds decrease steadily. From 11.25m up to the top of the investigated 
section calcite has been detected only in traces.    
 
Dolomite [ ( )23, CaCOMgCa ] 
Similar to calcite, pale turquoise coloured domains of the stained thin sections suggest ferrous iron in 
the dolomite crystal structure. The sandy facies in the lower part of the section displays relatively 
constant dolomite portions between 5 and 10w.-%. The uppermost bioclastic layer of the sequence 
above generates a short excursion with a maximum of 52w.-% dolomite. The interval between 6.60m 
and 9.60m is again characterised by low and relatively constant dolomite amounts of about 10w.-%, 
although the interbeds show comparatively higher dolomite portions than the beds. Above 9.60m the 
dolomite content of the beds and interbeds display an overall increasing trend with a distinct shift from 
20w.-% to 60w.-% at 11.25m. The lithology from the uppermost interval exhibits with a value of 
56w.-% on average the highest dolomite contents of the section.  
 
Quartz [SiO2] 
Quartz constitutes the most prominent component among the siliciclastic fraction. The quartz content 
of the sediments ranges from 0.2 to 88w.-%. Apart from the lowermost part of the section (0-1.70m), 
where quartz increases slightly from 20- towards 50w.-%, the samples from the lower interval reflect 
in general quartz values greater than 50w.-%. Similarly to the carbonate phases described before, 
quartz displays also a striking shift from 60 to 10w.-% on average with the occurrence of the bioclastic 
layers. A secondary shift from 10 to 20w.-% on average follows at 8.60m. In the uppermost interval 
(11.25-14.40m) the quartz content increases from 20- to the overall maximum of 88w.-%. Atypically, 
the beds of this interval exhibit generally more quartz than their intercalated counterparts.  
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Alkali feldspar [KAlSi3O8]  
As shown in the x-ray diffraction patterns of Fig. 5.10, feldspars are solely represented by orthoclase 
minerals. The samples from the Fetlika outcrop display poor orthoclase contents mostly below     
10w.-%. One exception is given in the 2.20m thick sequence between 6.00 and 8.20m, where the 
orthoclase portions of the interbeds reach partly the overall maxima of about 40w.-%. 
 
Illite/Muscovite KAl2[(OH)2/Si3AlO10] 
Illite and muscovite contents fluctuate between 0 and 62w.-%. Generally, the beds exhibit with an 
average value of 4w.-% only small amounts of illite and muscovite. The maximum values are given in 
the interbeds from the lowermost part of the section up to 1.20m as well as in a two metre thick 
interval above 5.20m. From 6.60m up to the top of the sequence, illite/muscovite values of the 
interbeds steadily decrease from 40 to 6w.-%.   
 
Kaolinite Al4[(OH)8/Si4O10] 
Kaolinite values up to 58w.-% have been detected invariably in the lower part of the section from 0 to 
7.00m. Comparable to the illite and muscovite fraction, the highest amounts of kaolinite were 
measured in the samples from the interbeds, whereas the kaolinite content of the beds fluctuates more 
or less constant below 10w.-%.  
 
Discussion/Interpretation 
On the basis of the bulk mineralogical data, the Fetlika section can be divided in altogether six 
different intervals (A-F). Figure 5.10 provides a summary of the various mineralogical phases 
determined in the sediments. From the bottom up, each x-ray diffraction pattern typically represents 
the mineralogical composition of one of the different succeeding sequences (see also Fig. 5.9). An 
overall positive correlation between the portions of orthoclase, illite-muscovite, kaolinite and chlorite 
indicates most likely a detrital origin, although minor diagenetic transformations during burial cannot 
be completely excluded. This applies especially to the kaolinite portion from the sandstone interval B 
between 1.20 and 5.50m (DE ROS, 1998; WANAS & SOLIMAN, 2001).   
Except for the quartz content, the lowermost part of the outcrop (0-1.20m) is dominated by 
phyllosilicates as kaolinite and illite/muscovite (Fig. 5.9, interval A). With the exception of the calcitic 
matrix within the microconglomeratic layers, carbonate minerals occur only in traces. Therefore, the 
sediments from this interval denote most likely the top of the underlying 60m thick shale sequence. 
The predominance of phyllosilicates reflects quiet depositional conditions in a coastal low energy 
environment. High amounts of kaolinite, originated by chemical weathering processes document either 
a source signal and thus a predominantly humid climate of the hinterland or they are products of more 
recent weathering processes under the prevailing outcrop conditions. The following interval from 
1.20-5.50m contains mainly quartz with a mean value of 60w.-% (Fig. 5.9, interval B). Minor 
constituents of this sequence are fluorapatite, clay and carbonate minerals.  
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Fig. 5.10. Representative x-ray diffraction patterns of the bulk samples display the various 
mineralogical compositions observed in the Fetlika outcrop samples. The computed amounts of the 
mineral phases are given in weight percentages. Black filled peaks belong to the quartz phase. 
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The occurrence of diverse bioclastic layers (interval C) shortly below the middle part of the section          
(5.50-5.90m) documents a distinct change from siliciclastic to carbonate dominated sedimentary 
sequences. Due to their depositional character, these bioclastic onlap deposits as well as the above 
succeeding tempestite beds exhibit high values of biogenetic carbonate and detrital quartz (Fig. 5.9, 
interval C). In comparison, the intercalated micritic siltstones of these intervals are depleted in 
carbonates and enriched in alkali feldspars and phyllosilicates (Fig. 5.9, interval D).  
Both quartz/clay ratio and quartz/feldspar ratio show nearly the same curve trends (Fig. 5.11), which 
suggest that feldspars and clays have undergone the same depositional processes. After the onset of the 
bioclastic onlap deposits, kaolinite disappears almost completely in the succeeding sequences, while 
illite-muscovite is still present. The predominance of feldspars and illite-muscovite with only small 
amounts of kaolinite within the interbeds indicate a relatively distal site of sedimentation. The 
overlying mineralogical division E (8.60 to 11.25m) is characterised by a steady decrease in calcite, 
which is compensated by an increase of the dolomite phase. A gradual dolomitisation of both beds and 
interbeds by the replacement of the calcite phase point to a diagenetic process, controlled by the 
migration of dolomitising fluids. Higher amounts of dolomite within the siliciclastic interbeds are 
probably caused by the better availability of magnesium. In the uppermost interval F (between 11.25 
and 14.40m) calcite has been replaced completely by the dolomite phase. Therefore, dolomite and 
quartz are the predominant mineral phases of this interval. The subordinate minerals as feldspar and 
illite/muscovite display values mostly below 10w.-%.  
 
In order to describe the variation of the extrabasinal and detrital input, the siliciclastic fraction has been 
plotted cumulative versus the sample levels (Fig. 5.11). Assuming that the siliciclastic mineral phases 
reflect the detrital influx into the depositional system, negative correlations between the quartz phase on 
the one hand and the phyllosilicates and feldspars on the other hand indicate different hydrodynamic 
regimes during sedimentation. Therefore, sequences of increased clay and feldspar contents document 
time slices of relatively quiet sedimentary conditions, whereas intervals with high quartz values reflect 
generally elevated depositional energy levels. Founded on this assumption, the comparison of the 
totalised siliciclastics (Fig. 5.11, left hand side) with the quartz/clay and quartz/feldspar ratios (Fig. 
5.11, right hand side) indicates two relatively quiet depositional phases (A, D), most likely within a 
deeper (more distal) sedimentary environment. These fine-grained sediments embrace distinctly a 
proximal sand (quartz) dominated lithofacies, which display with the exception of several intermediate 
shale layers only minor but constant fluctuations in the siliciclastic input (B). The lithic portions of the 
bioclastic limestone beds (C), which truncate the sand body, display no sharp boundary due to the lack 
of the carbonate phase. In the upper half of the section, above these bioclastic onlap deposits, 
rhythmical variations in the siliciclastic input build up an overall increase in quartz and accordingly a 
decrease in feldspars and phyllosilicates. According to the above-mentioned assumptions, this trend in 
the lithic composition points most likely to a gradual increase of the energy conditions closely 
associated with a shallowing of the depositional environment.             
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The siliciclastic composition in the upper part between the intervals E and F displays no distinct 
boundary, because it is mainly caused by a carbonate diagenetic process.   
 
Summary – bulk mineralogical composition 
The sediments from the Fetlika outcrop are mainly composed of quartz, calcite, dolomite, alkali 
feldspar, illite-muscovite and kaolinite, whereas small but detectable amounts of chlorite, fluorapatite 
and pyrite display subordinate mineral phases. The mineralogical evolution shows in ascending order 
six different intervals: 
 
(A) 0-1.20m:  The phyllosilicate-dominated interval at the base of the section displays the top of 
the underlying 60m thick shale sequence. High amounts of phyllosilicates point to a 
low energy environment.  
(B) 1.20-5.50m: This interval is characterised by high quartz contents. The kaolinite portion is 
probably the result of diagenetic transformations in the course of burial. 
(C) 5.50- 5.90m: Several bioclastic limestone beds with high values of biogenetic carbonate mark the 
prominent change from siliciclastic to carbonate dominated sedimentary sequences. 
(D) 5.90-8.60m: The interbeds of this interval display a predominance in feldspars and 
phyllosilicates, which point to a relatively low energy level, similar to the 
lowermost part of the section. In contrast, only small amounts of kaolinite indicate a 
more distal environment. Due to their depositional character, the tempestite beds 
consist mainly of biogenetic carbonate and quartz.  
(E) 8.60-11.25m: A steady decrease in calcite and an associated increase in the dolomite phase show a 
gradual dolomitisation of both beds and interbeds (see chapter 5.1.6). 
(F) 11.25-14.40m: In the uppermost part of the section, the calcite phase was completely replaced by 
dolomite, which constitutes together with the quartz phase the main mineralogical 
component.  
 
Similar curve progressions of quartz/clay and quartz/feldspar ratios indicate a positive correlation and 
therefore most likely a detrital origin of the siliciclastic mineral phases. In accordance to the above 
stated assumption, the carbonate free calculated lithic portion as well as the quartz/clay and 
quartz/feldspar ratios (Fig. 5.11) point at least to two episodes of relatively low energy levels, 
documented by the intervals A and D. In contrast, high quartz contents of the intervals B and F may 
reflect rather coastal high-energy environments. However, an overall increase in the quartz content 
associated with a decrease in the phyllosilicates from interval D to F documents in the upper part of 
the Fetlika section a superior shallowing-upward sequence. 
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5.1.3 Trace and rare earth element variation 
Altogether 49 whole rock powders from the upper part of the Fetlika outcrop (above 5.50m) have been 
analysed by instrumental neutron activation analysis (NAA). The concentrations and the associated 
errors of the detected rare earth elements (REE) and trace elements (TE) are tabulated in Appendix 
A.7. Five of generally nine accessible REE (HOLSER, 1997) could be determined by NAA: La, Ce, Eu, 
Yb and Lu. The concentrations of Sm, Tb, Nd, and Dy are probably too low for quantification 
purposes. Comparatively high amounts of Sr and Ca are negatively correlated to the acid insoluble 
residue and reflect therefore definitely the calcareous portion of the samples (Fig. 5.13d). In contrast, 
the remaining elements are generally positively correlated to the insoluble residue with increased 
amounts in the carbonate-depleted interbeds (Fig. 5.12). In order to find out what mineralogical 
fraction controls the REE distributions in the sediments, it is possible to constrain mineralogical 
control of REE using linear correlation coefficients between REE and other elements (CONDIE, 1991). 
In this study thorium was used to describe the variation of the siliciclastic or detrital input, because it 
is likewise very insoluble during weathering, transportation, deposition and diagenesis and thus least 
mobile under the expected range of geologic conditions (MC LENNAN et al., 1980; WRONKIEWICZ & 
CONDIE, 1989; CULLERS et al., 1997).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.12. REE and Th distributions of the Fetlika outcrop samples display covariant curve progressions. 
Increased REE concentrations in the lower part are caused by biogenic apatite. The limestone beds (black dots) 
are generally depleted in Th and REE. 
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Throughout the investigated section the sum of detectable REE varies between 20 and 320ppm, 
whereas the maximum values are focused to the lower part shortly above the bioclastic limestone beds 
(Fig. 5.12). In this interval the increased REE concentrations are abnormally negative correlated to Th 
and thus to the detrital input, which points to a supplementary source. X-ray diffraction data, at least 
from the sample with the highest REE concentrations (B03) show about 3w.-% fluorapatite. This 
marine biogenic apatite, derived from resedimented microgastropod fragments (Appendix A.3, B03) 
typically retains enriched concentrations of REE, which were trapped post-mortem after diagenesis 
and lithification in the apatite crystal structure (WRIGHT et al., 1986; REYNARD et al., 1999). 
Therefore, whole rock samples with detectable amounts of fluorapatite are excluded in the following 
discussion.     
 
Discussion/Interpretation 
In Fig. 5.13a, b, c the positively correlated plots of percent residue versus La (r2=0.46), Eu (r2=0.51) 
and Ce (r2=0.30), respectively display high deviations from the linear regression curves, which 
generally have positive intercept points with the ordinate. This suggests that the influx of the REE into 
the depositional system was mainly controlled by two factors. (1) The detrital portion, which is 
documented by the overall positive correlation to the acid insoluble residue. (2) The influx of biogenic 
carbonate which leads to positive intercepts and a high scatter in the percent residue vs. REE 
concentration plots. Additionally, fractionation processes can influence the concentrations of Ce and 
Eu during deposition (redox controlled effects) as well as during burial (diagenetic controlled effects), 
which generates in comparison to the other (only trivalent) REE the typical anomalies (ELDERFIELD & 
GREAVES, 1982; SHOLKOVITZ et al., 1994). Nevertheless, the overall positive correlations of the REE 
to the acid insoluble fraction indicate a predominantly covariant behaviour to the detrital input. The 
immobile trace elements Th and Co show moderate positive correlations to the insoluble residue. In 
contrast to the above-mentioned REE distributions, their regression curves intersect the abscissa 
nearby its origin. This observation most likely suggests that Th and Co are exclusively linked to the 
detrital input. 
With respect to the above stated arguments that most of the elements were derived extrabasinal from a 
terrigenous parent rock, the question about the chemical composition of the host rock comes up. In the 
more recent literature elemental composition and elemental ratios of shales have been used extensively 
to determine provenance (WRONKIEWICZ & CONDIE, 1989; CULLERS, 1995; BELLANCA et al., 1997; 
PIOVANO et al., 1999; CULLERS, 2000; ZHANG et al., 2000). The first author who applied this 
methodology to a mixed carbonate-terrigenous system was CULLERS (2002). In his study he used 
several elemental ratios (see Tab. 5.1.) to differentiate basic rocks (increased concentrations of La and 
Th) from silicic parent rocks (increased concentrations of Co, Sc, Cr, Ni). He stated that whole rock 
samples with a siliciclastic portion greater than 30% give reliable values, whereas carbonate rich 
samples (less than 30% detritus) produce large variations in the La/Sc ratio, due to increased 
concentrations of La. 
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Fig. 5.13. Plots of percent residue vs. REE concentrations (a-c) show relatively high deviations from linear 
regression curves. The positive ordinate intersections as well as the scatter of the data points suggest that La, Ce 
and Eu are linked to both siliciclastic input and the carbonate phase. Absolute concentrations of Ca are 
negatively correlated to the detrital portion (d), which is most likely caused by the carbonate phase. Th and Co 
vs. percent residue (c, f) show positive correlations with a coefficient of determination (r2) of 0.74 and 0.82, 
respectively.    
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However, ratios of immobile element concentrations from the Fetlika outcrop samples plotted in the 
standard provenance diagrams La/Sc vs. Th/Co and Th-Sc-La point to terrigenous material derived 
from granitoids rather than basic igneous rocks (Fig. 5.14a, b). This result confirms the orthoclase 
contents determined via x-ray diffraction analyses as allogenic. Similar to the observations made by 
CULLERS (2002) the La concentrations increase with the carbonate phase. The data points show the 
least scatter when samples with >50% carbonate are omitted (Fig. 5.14a, b).  
The widely used shale averages (NASC, PAAS) exhibit normalised REE patterns similar to those of 
average upper continental crust and as a result, these patterns reflect the REE distributions of the 
average composition of detrital materials being delivered by rivers to the oceans (CONDIE, 1991). A 
comparison between the elemental ratios determined in this study and several shale averages (MCS, 
NASC, PAAS) as well as soil and stream sediment compositions from granite and basic sources is 
given in Tab. 5.1. As a result, the mean elemental ratios from this study differ not significantly from 
the ratios of the shale averages. Additionally, all mean elemental ratios fall within the range of soils 
and stream sediments, respectively derived from granitoids. Increased La/Co, La/Sc, gives the main 
differences between the REE distributions of shales and mixed carbonate-siliciclastic sediments and 
La/Cr ratios, which are most likely associated with higher La concentration in the carbonate phase. 
Therefore, La values of mixed carbonate-siliciclastic sediments should only be used after the scatter of 
the data points is minimised by omitting the carbonate rich samples.       
 
Summary – Trace and rare earth element variation 
With the exception of Ca and Sr, which are strictly linked with the carbonate phase, overall positive 
correlations of the acid insoluble residue (siliciclastic fraction) with the determined trace and rare earth 
elements indicate that the elemental composition of the Fetlika outcrop sediments was mainly 
controlled by the extrabasinal or detrital input, transported by rivers to the sedimentary basin. 
Elemental ratios used for provenance analyses such as La/Sc, Th/Co and Th-Sc-La indicate that the 
terrigenous material must originate from a high silicic parent rock. Elemental ratios of this study are 
similar to the ratios of widely used North American Shale Composite or Post-Archean Australian 
shales. Minor discrepancies in the La concentrations are most likely caused by the carbonate phase. 
     
Tab. 5.1. Comparison of the ranges of elemental ratios of samples from this study MCS, PAAS and the ranges 
of soils and stream sediments derived from granite and basic sources (adopted from CULLERS, 2002) 
 
 
 
 1 MCS:   Mid-continent shales of Pennsylvanian to Permian age  4 only values with <30% carbonate 
 2 NASC: North-American Shale Composite    5 only values with <50% carbonate 
 3  PAAS:  Post-Archean Average Australian shales 
Range of soils - stream sediment  
CULLERS (2000) Ratio 
  
this study 
  
MCS1 
CULLERS 
(1994) 
NASC2 
WRONKIEWICZ & 
CONDIE (1989) 
PAAS3 
TAYLOR & MCLENNAN (1985) 
granite basic sources 
Th/Co 0.72 ± 0.21 1.15 ± 0.51 0.46 0.63 0.30 - 7.50 - 
Th/Sc 0.99 ± 0.28 1.09 ± 0.23 0.80 0.91 0.64 - 18.10 0.005 - 0.40 
Th/Cr 0.12 ± 0.03 0.13 ± 0.29 0.10 0.13 0.14 - 4.00 0.002 - 0.045 
La/Co 2.38 ± 1.085 3.30 ± 1.50 1.19 1.65 1.40 - 22.40 - 
La/Sc4 2.74 ± 1.425 0.49 ± 0.36 2.07 2.40 0.70 - 27.70 0.40 - 1.10 
La/Cr4 0.35 ± 0.075 8.00 ± 2.50 0.25 0.35 - - 
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Fig. 5.14. Trace and REE data of 42 Fetlika outcrop samples on the La/Sc vs. Th/Co plot (a) and on 
the Th-Sc-La diagram (b) indicate an origin from high silica source rocks. For comparison, the mean 
values of the North American Shale Composite (NASC) and the Post-Archean Average Australian 
shale (PAAS; TAYLOR & MC LENNAN, 1985) display somewhat higher Th contents.  
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5.1.4 Detrital texture 
Generally, the complete lithic component particles of the sedimentary rocks from the Fetlika outcrop 
display throughout the whole investigated interval of 14m various unimodal and bimodal grain size 
distributions in a particle range between 1 and 12φ, which is equivalent to medium/coarse sand to clay 
range. Out of the 107 siliciclastic fractions prepared for grain size analysis, 79 samples (85%) have 
bimodal grain size distributions, while only 28 samples (15%) have unimodal distributions. It turned 
out that a visual differentiation and grouping within the different particle distribution schemes of the 
analysed samples is rather subjective and therefore irreproducible. In order to avoid this problem, the 
grain size populations were classified by the use of the SPSS1 v11.0 hierarchical cluster analysis 
procedure. The applied distance matrix consists of 107 cases (samples) and 46 variables (equidistant 
measuring channels > 1µm of the laser particle sizer). Hierarchical clustering was carried out by the 
“squared Euclidean distance” algorithm2, whereas the clusters were merged by the “linkage within 
groups” method. The calculated clusters are displayed as a dendrogram plot in Fig. 5.15. The cluster 
solution results in six higher-ranking grain size distribution groups (A-F) with decreasing values in the 
distance coefficient (dissimilarity) from the bottom up. Additionally, each lithic grain size group is 
visualised by the cumulative frequency curves on probability scale and the smoothed frequency 
distribution curves on linear scale (Fig. 5.15, left column). The six groups can be described as follows: 
 
(A) Very fine sand/fine silt (n=27) 
The maximum rescaled distance of group A indicates the most dissimilarity in comparison to the other 
groups. The grain size curves display bimodal distributions with mean modes at 3.4 and 7.4φ 
respectively, although more than 50% of the lithic fraction consists of well to moderately well sorted 
(σ =0.52φ) very fine sand. The near-symmetrical distribution of the sand population ( 3α =+0.12) 
contrasts with the strongly fine-skewed ( 3α =+0.39) and poorly sorted (σ =1,41φ) fine silt fraction.             
 
(B) Medium silt/very fine sand (n=9) 
Mode measures of 3.6 and 6.7φ on average as well as mean sorting values of 0.77 and 1.49φ 
respectively reflect nearly the same frequency distributions as prior described in group A. Different 
from group A, the inflection points of the cumulative frequency curves indicate only 25 to 40% sand, 
whereas the rest of the population is composed of silt and clay.  
 
(C) Very fine silt/coarse silt (n=17) 
Group C is characterized by two mean frequency maxima at 5.4 and 8.3φ, although the second 
maximum in the very fine silt region is build up by a saddle point. 
 
1 Statistical Package for the Social Sciences 
2 Distance X,Y  = ( )∑
=
−
46
1
2
k
kk YX  where  Xk, Yk are the values of variable k in case X and Y respectively 
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Fig. 5.15. Hierarchical cluster analysis of measured grain size distributions from the Fetlika outcrop 
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Separating of the bimodal grain size distributions (chapter 2.2.5) led to a poorly sorted (σ = 1.42φ) 
coarse silt population, which made up nearly 60% of the lithic fraction. The remaining grain size 
portion (40%) consists of poorly sorted very fine silt with σ = 1.27φ. 
 
(D) Poorly sorted fine to very fine silt (n=19) 
Group D comprises grain size distributions in the fine to very fine silt region with an average mode at 
8.0φ. A mean skewness of 3α = +0.17 and sorting values between 1.04 and 1.69φ (σ = 1.35φ) indicate 
fine skewed and poorly sorted lithic particles (Tab. 5.2).  
  
(E) Very fine silt/very coarse silt (n=21) 
Similar to the groups C and D, the main grain size portion (60-70%) of group E is located in the very 
fine silt region (average mode = 8.3φ) with a mean sorting value of 1.47φ. The subordinate very coarse 
silt population (average mode = 4.5φ) is composed of partially considerable different spreads (i.e. 
different sorting values) of the grain size distributions, which are reflected by the fan-like coarse tails 
of the cumulative frequency curves. However, the mean sorting value of σ = 0.55φ points to a 
moderately well sorted very coarse silt fraction.     
 
(F) Poorly to very poorly sorted fine silt (n=9) 
Frequency modes about 7.3φ and a mean sorting value of 1.73φ classify the lithic fraction of this group 
as poorly sorted fine silt. The portion of the sand fraction amounts less than 10%. Group F displays the 
most similarity to group E because of some slightly unsteady curve progressions of the coarse silt/fine 
sand tail, although an average skewness measure of +0.02 documents a near-symmetrical grain size 
distribution.       
         
  Tab. 5.2. Textural characteristics of the six main grain size groups identified by hierarchical cluster analysis         
Lithic grain size group Content [%]   Grain size parameters 
  sand silt clay   mode(s) [φ] x [φ] σ [φ] 3α [ ] 
(A) Very fine sand/ 50-85 6-50 3-10  2.5-3.7 and 2.7-3.8 and 0.4-0.7 and -0.45- +0.58 
      fine silt     6.8-9.0 7.6-8.6 1.3-1.5 -0.07- +0.57 
         
(B) Medium silt/ 25-40 50-65 ~10  6.0-8.4 and 6.6-8.8 and 1.3-1.6 and nd* 
      very fine sand     3.4-3.8 3.4-4.8 0.5-0.7  
         
(C) Very fine silt/ <20 60-75 10-25  7.4-8.6 and 7.3-9.4 and 1.1-1.7 and nd* 
      coarse silt     4.1-6.1 4.0-8.4 0.6-1.9  
         
(D) Poorly sorted fine to        
very fine silt -- 60-90 10-40  7.1-8.6 7.5-8.7 1.0-1.7 -0.15- +0.73 
         
(E) Very fine silt/ <10 60-70 20-40  7.8-8.6 and 8.0-8.7 and 1.2-1.6 and nd* 
       Very coarse silt     3.7-5.3 3.7-5.3 0.3-0.9  
         
(F) Poorly to v. poorly <10 ~70 20-30  6.1-8.4 7.3-7.9 1.6-1.9 -0.45- +0.38 
      sorted fine silt             
 
  *nd: not determined (grain size curves are the results of Gaussian splitting procedure and thus normal distributed) 
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Additionally, the hierarchical cluster algorithm generates two small grain size distribution groups, 
which can be neglected, because of the small sample numbers as well as the heterogeneous 
composition of the distribution curves within the clusters.  
 
The predominant portion (89%) of the bimodally distributed grain size samples of group A was 
collected from the basal part of the Fetlika section between 1.71 and 5.38m. Also within group B, 
about 78% of the lithic particle components are derived from muddy interlayers (“Ia”-samples) of this 
basal part. Similar grain size characteristics as well as the same sample interval point to a close 
relationship between both grain size groups. Within the bed-dominated sample suite of group C, three 
sequence-related subgroups can be observed, although they do not correlate exactly to the three sub 
clusters of this grain size group (Fig. 5.15). Subgroup Ca comprises most of the samples between 8.80 
and 9.37m (B-07 to I-11/12), subgroup Cb comprises samples between 10.19m (B-17) and 10.96m (B-
24) and subgroup Cc is composed of grain size samples from the carbonate beds between 11.85m (B-
27) and 12.58m (B-30). In contrast to particle group C, where 13 of 17 samples are derived from 
carbonate beds, the cluster of the unimodally distributed grain size populations from group D consists 
with a portion of 79% mainly of samples from muddy interbeds. Two sequence-related subgroups are 
observable. One from the lowermost part of the section (Da) between 0.43 and 1.76m (Ia-01/02 to     
Ia-06/07) and the other (Db) from the muddy middle interval of the sedimentary sequence between 
5.48 and 7.47m (I-00/01 to I-03/04a). The bed/interbed relationship of the cluster from grain size 
group E looks similar to that from group D. About 80% of the bimodally distributed siliciclastic 
sample fractions (Ea) are derived from interbeds between 9.70m (I-13/14) and 11.76m (I-26/27). 
Samples from the carbonate beds between 7.53m (B-04a) and 8.42m (B-05c) build up the secondary 
sequence-related subgroup Eb. The poorly sorted unimodal grain size distributions of the siliciclastic 
fractions from group F are mostly restricted to carbonate beds (78%), whereas a sequential 
relationship within this cluster is not obvious.  
 
A contour plot of iso-frequency curves versus the sample levels provides a visual impression of the 
sequence-related grain size groups and subgroups (Fig. 5.16). Thus it appears that the examined strata 
from the Fetlika outcrop can be divided into two different intervals, which are composed of distinct 
different particle size groups. Up to the middle part of the section (at 7.50m) the grain size distribution 
curves of the groups A, B and D display what one would expect: Interbeds are composed of silty 
particles and show unimodal distributions, whereas beds contain coarser lithic material such as fine 
sand with a subordinate silty component. In the upper part, above 7.50m the beds and interbeds 
display no strictly obvious grain size proportion. The siliciclastic input is bimodally distributed and 
points to a temporal fluctuation between two populations around 8.5 and 4.0φ, mostly within the grain 
size groups E and C. At least five higher-ranking coarsening upward rhythms can be reconstructed 
from the textural inventory of the combined iso-frequency plot (dashed arrows in Fig. 5.16).   
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Fig. 5.16. The contour plot of iso-frequency curves versus the sample level shows distinct grain size intervals. 
Dashed arrows in the upper part of the section indicate a rhythmic or cyclic variation of the siliciclastic input. 
5 Sedimentology (Fetlika outcrop)   
 72 
In Fig. 5.15 the grain size distributions are mainly influenced by three different modes in the very fine 
sand, coarse to medium silt and very fine silt region, which probably reflect an overlap of different 
hydrodynamic processes (VISHER, 1969; WANG & KE, 1997; ORPIN & WOOLFE, 1999). Therefore, 
each grain size curve with double modes was separated into two individual particle populations 
(chapter 2.2.6), assuming that the particles show a more or less Gaussian distribution. The derived 
grain size parameters of the “coarse” and the “fine” fraction from the bimodal distributions as well as 
from the unimodal distributions were plotted versus the time-dependent sample levels (Fig. 5.17). In 
accordance with the above given results, the mode values of the different grain size fractions display 
in the lower part of the Fetlika section similar curve progressions with a distinct shift from relatively 
coarse- (sand/fine silt) to fine lithic particles (very fine silt) in the middle part of the section at six 
metres, although the shift from the bimodal coarse fraction appears higher, shortly above eight metres. 
The mode curves in the upper part of the section display different progressions. Between 8.5m and 
10.5m the modes of the unimodally distributed grain size fraction show several excursions from very 
fine silt to medium silt, whereas the fine fraction of the bimodal distributions remains relatively 
constant in the very fine silt region. The coarse fraction of the bimodal distributions displays from 
8.5m up to the top of the section an overall coarsening upward trend. Also the sequence related sorting 
values of the bimodal grain size fractions (lower part of Fig. 5.17) reflect two intervals, which can be 
differentiated by their variances. Even though the bimodal fine siliciclastic fractions from the lower 
part of the section are poorly sorted ( x = 1.43), they display with σ = 0.12 nearly the same standard 
deviation as their well to moderately well sorted coarse comparative values ( x = 0.53; σ = 0.11). 
Above eight metres, standard deviations of 0.18 for the bimodal fine fraction and 0.53 for the bimodal 
coarse fraction respectively, indicate much stronger fluctuations about the means. The sorting values 
of the unimodal fraction and the bimodal fine fraction in the lower part of the section complement one 
another. A change is marked in the unimodal fraction by the very poorly sorted lithic components of 
the reworked bioclastic layer B02 at 5.92m. After the onset of these condensed deposits, the sorting 
values of the unimodal fraction display a steadily increasing trend from moderately sorted to very 
poorly sorted lithic particles throughout the upper part of the section.  
On the base of the described grain size parameters, one can differentiate between two distinct 
environmental changes. The boundary between the environments should be situated either shortly 
above 6 metres or shortly above 8 metres. Sedimentary structures from the carbonate beds B02a 
(6.55m) and B05 (7.99m) point to distal tempestites (e.g. Fig. 5.5). These storm event deposits are 
probably the reason for the delayed onset of the above-described grain size shift from the bimodal 
coarse fraction. Sand-sized material of the more proximal environments was stirred up by waves and 
redeposited in alternation with quasi-autochthonous silt-sized (muddy) material from the more distal 
environment. The mode values of the bimodal coarse fraction as well as the sorting values of both 
bimodal fractions are very similar to the samples from the underlying sand body, probably due to the 
fact that the coarse fraction of the distal tempestites stems from this rather proximal environment.   
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Fig. 5.17. Mode and sorting values of the unimodal and bimodal coarse/fine fractions versus sample levels 
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Modes of sediment transport and hydrodynamic processes 
Indications for different modes of sediment transport (traction, suspension) and thus for different 
hydrodynamic processes (e.g. gravity flow, oscillarity flow, storm currents), which mainly control the 
textural composition of the sediments, become apparent by the use of grain size parameters in 
bivariate diagrams. For example TANNER (1979) proposed the variability diagram, a plot of the 
“variability of the sample means” versus the “variability of the sample standard deviations” (suite 
standard deviations of the first two moment measures of individual grain size samples; TANNER, 
1988). He suggested that high-energy agencies tend to impart great variability to both parameters, 
whereas low energy agencies produce only small variability. The main advantages of the suite 
statistics approach are that anomalous points do not confuse the plot and distinctions between transport 
agencies are more obvious. Furthermore, several sedimentary environments may be represented 
conveniently on one graph (TANNER, 1991). The sample suites in this chapter base on the above 
defined grain size groups A to F. Variabilities for means and standard deviations have been computed 
for each grain size group and therein contained coarse and fine subfractions, respectively. All sample 
suits fall in the swash, offshore wave and low gradient stream categories (Fig. 5.18). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.18. The variability diagram after TANNER (1979) displays the relationship between the standard deviation 
of the sample means ( Xσ ) and the standard deviation of the sample standard deviations ( σσ ). The energy of the 
transportation agencies increases from the lower left-hand corner to the upper right-hand corner.  
MTN. STR.: mountain streams 
5 Sedimentology (Fetlika outcrop)   
 75 
The sand-sized fractions of the particle groups display a steady increase in the energy of the transport 
agencies (arrows in Fig. 5.18) from the lower part (A/B) to the upper part (E and C) of the Fetlika 
outcrop. Thereby, the data point of the coarse fraction from the group A/B near the middle part of the 
diagram indicates after TANNER (1988) back-and-forth shuffling (winnowing) under swash or shallow 
water wave action. The particle populations of the groups Ecoarse and Ccoarse point to a more distal 
offshore environment with wave agitation as agency. In accordance to their coarse counterparts, the 
fine particle populations of the bimodal grain size groups give evidence for the same depositional 
environments, although an environmental interpretation of the silty to clayey grain populations by the 
use of the variability diagram is after TANNER (1979) not applicable.  
 
In order to extend the information about the depositional processes, especially concerning the fine-
grained components, the C/M relationship after PASSEGA (1957) has been applied. Assuming that finer 
fractions of clastic deposit were transported independently of the coarser particles and that swift 
sedimentary agents can be characterised best by parameters which give more information on the 
coarsest than on the finest fractions of the particle populations, Passega proposed the relationship of an 
approximate value of the maximum grain size (C, the 1 percentile in µm) and the median grain size 
(M, median in µm).  
Most median grain diameters from the terrigenous components of the Fetlika section range from           
2-150µm, whereas the 1 percentiles vary between 10 to 500µm (Fig. 5.19). On the C/M chart, all lithic 
fractions indicate suspension as primary mode of sediment transport. The coarse sample suite from 
grain size group A/B displays sediments, which were transported as graded suspension a suspension 
near the bottom which is characterised by upward-decreasing concentration and grain size (PASSEGA 
et al., 1967). This implies that marine tractive currents transported the sand-sized material. CM 
patterns of the coarse fractions from the particle size groups C and E are uniform suspension patterns. 
The particles were either transported by suspension flows of turbidity currents or they were moved 
lateral by storm-induced flows of turbulent water. However, when turbulence decreases (e.g. when the 
turbidity current gradually loses speed or when the storm abates) the coarsest grains settles first out of 
the suspension, followed by a coarse/fine particle mixture with successively increasing amounts of the 
latter component (PASSEGA et al., 1967). Both unimodal distributed particle sets (F, D) and bimodal 
fine grain size populations (a, b, c and e) scatter around the pelagic suspension segment of the Passega 
diagrams (Fig. 5.19). In a pelagic suspension the sedimentary load is floating in water that is not 
necessarily turbulent near the bottom (PASSEGA, 1964). Such hydrodynamic conditions are restricted 
to quiet water environments such as lagoons, lakes, protected bays or deeper parts of the continental 
shelfs beneath the influence of wave action. But also slack water stages on a tidal flat or relatively 
quiet episodes between two storm events on a storm influenced shallow water shelf can cause the 
settling of mostly fine grained poorly sorted particles.          
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Fig. 5.19. C/M charts after PASSEGA (1964). Generally, unimodal and bimodal grain size populations indicate 
suspension as primary transport agent. Bimodal coarse- and unimodal fractions (a) were transported by graded, 
uniform and pelagic suspension, whereas bimodal fine fractions (b) were solely transported as pelagic 
suspension.  
 
Summary – detrital texture 
The lithic particle size spectrum of the Fetlika section comprises sandy and silty material in unimodal 
and bimodal distributions. An hierarchical cluster analysis results in six superordinated grain size 
groups which build up two distinct time related sequences: In the lower part of the examined outcrop, 
two main grain size populations in the very fine sand and in the fine silt range display at least four 
consistent intervals. The overlying terrigenous input is mainly characterised by not less than five 
coarsening upward cycles within a grain size range from very fine silt up to medium sand. Grain size 
parameters such as mode and sorting of the unimodal and bimodal fine particle populations are 
comparable and as a result, they point to pelagic suspension as mode of sediment transport. Therefore, 
it implies that the fine and poorly sorted sedimentary load must have settled out of the suspension 
under quiet water conditions. In contrast, the bimodal coarse fractions among the grain size groups 
reflect throughout the section transportation agencies with increasing energy levels in varying 
depositional systems. The sand-sized fractions from the lower part of the Fetlika section were 
transported as graded suspension under relatively low energy conditions, comparable to the wave 
induced back-and-forth shuffling phenomenon in a swash zone or tractive currents on a tide influenced 
environment. The coarse fractions from the upper part of the outcrop display uniform suspension as 
transportation agency. Thus it can be deduced that these particle populations were transported by 
storm generated suspension flows under more turbulent hydrodynamic conditions. 
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5.1.5 Magnetic susceptibility 
It has been already mentioned in the previous chapter that the detrital texture from the upper part of 
the Fetlika outcrop most likely build up at least five coarsening upward sequences (Fig. 5.16). The 
magnetic susceptibility (MS), i.e. the measure of the concentration of magnetic particles in the 
sediments should verify this observation, because it has been applied as a rough proxy for the 
lithogenic or detrital fraction of marine sediments (CRICK et al., 1997; CRICK et al., 2000; STAGE, 
2001). The MS data of altogether 87 whole rock samples from the upper outcrop interval display a 
range between 8108.3 −× and 7102.4 −× m3/kg. According to this, the measured concentrations typically 
scatter in the range of MS values for limestones, shale and sandstone samples from Devonian 
sequences (10-9 to 10-6 m3/kg), which has been published by ELLWOOD et al. (1999).  
 
As shown in Fig. 5.20, both beds and interbeds show nearly similar MS curve progressions. However, 
mean standard deviations of 0.7 for the beds and 0.1 for the interbeds, respectively reflect for the 
carbonate dominated beds a stronger fluctuation of the MS values. The variation of the data in 
dependence to the sample levels can be divided into two distinct trends (dashed arrows in Fig. 5.20). 
In the basal part of the investigated interval, the mean-normalised MS values decrease steadily from 
1.4 (B02) to the lowest value of 0.41 at 8.34m (B05b). The concentrations above this level display an 
increase up to the overall maximum of 4.5 (B38) at the top of the section, although there are at least 
four maxima between 9.46-9.51m (I12/13, B13), 9.98-10.05m (I15/16, B16), 11.25-11.42m (B25, 
I25/26) and 13.18-13.35m (B33, I33/34).  
 
Discussion/Interpretation 
In the majority of cases, the MS of sediments is caused by their detrital magnetite (Fe3O4) 
concentrations (BERCKHEMER, p. 152, 1990; ELLWOOD et al., 1999). As mentioned in chapter 2.2.6, 
the MS depends not only on the concentration but also on the particle size or shape of the 
ferrimagnetic minerals. This is most likely the reason why the determined MS data display a positive 
correlation to the diamagnetic quartz concentrations, which were calculated by XRD. The 
ferrimagnetic substances (most likely magnetite) embedded in the sediments must have undergone 
similar depositional processes as the quartz fraction, whereby the particle size must differ about a 
factor, due to the high-density difference. The above described progression of the MS data curve is 
comparable to the detrital sensitive indicators such as particle size of the acid-insoluble residue, 
quartz/clay ratio and relative bed thicknesses (Fig. 7.4), although the measured MS values show no 
further positive relationship to any detrital mineral component. However, the similar variations 
confirm the lowest detrital influx at 8.34m as well as the initiation and the succeeding progression of 
at least four from six possible coarsening upward sequences.     
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5.1.6 Carbon and oxygen isotope compositions of limestones and dolostones 
A typical feature of both, beds and interbeds in the upper part of the investigated sequence is the 
gradually replacement of biogenic calcite by an authigenic dolomite phase as a result of diagenetic 
processes. Among the different models of dolomitisation the evaporative- and the seepage-reflux 
dolomitisation can be neglected because the dolomites were not associated with contemporaneous 
evaporites. However, dolomitising Mg2+-rich fluids must have affected the carbonates during burial 
but the evaluation of timing (early or late diagenetic) demands further discussion. Indications of late 
diagenetic burial dolomitisation as proposed by ZENGER (1983) and MOORE (1989), i.e. coarse 
dolomite crystals (several millimetres in diameter) often containing over 5wt.% Fe or a zebroid texture 
of matrix dolomite and white dolomite spar in elongate cavities were not observed from the Fetlika 
dolomites. In comparison to the underlying calcitic sedimentary rocks, the dolomites from the upper 
part of the Fetlika outcrop exhibit similar low iron contents between 1.5 and 2.4% (Appendix A.7).  
 
Since dolomitisation takes place in the presence of water, oxygen isotope compositions are determined 
by the pore fluid and by the temperature of formation whereas carbon isotope compositions reflect the 
precursor carbonates, due to the generally depletion of carbon in pore fluids (HOEFS, 1997, p. 156). 
The stable isotope compositions of δ13Ccarb and δ18Ocarb for the calcites from the Fetlika outcrop 
generally display negative values of about –1‰ and –6‰, respectively. The variation of the δ18O 
values match to the confidence interval of δ18O values measured in brachiopod shells from the S/D 
time slice, whereas the δ13C composition display more negative values contrasting the average marine 
S/D signatures (see GODDÉRIS et al., 2001). Somewhat depleted δ13C values in respect to normal 
marine signatures are explained by the decomposition of embedded OM, e.g. via bacterially mediated 
sulphate reduction (WARREN, 2000). This reaction will release CO2 and hence organogenic 
bicarbonate with a negative carbon isotopic signature to the pore fluids. If theses pore fluids are mixed 
with dissolved inorganic bicarbonate, which may derive by the diffusion from seawater, the 
precipitated cements will show negative δ13C values (MARSHALL, 1992).   
 
For the investigated sample suite, the subsequent dolomitisation process caused no significant change 
in δ13C values but a definite shift of nearly –2‰ towards more positive values for δ18O (Fig. 5.21). 
Such positive trends or shifts are generated by dolomite-water fractionations at low temperatures (e.g. 
at 25°C dolomite should be enriched in 18O relative to calcite) and thus indicating shallow subsurface 
dolomites (BRAND, 1994; HOEFS, 1997, p. 156). Burial dolomites display the opposite way around 
towards more negative δ18O values indicating dolomite precipitation at higher temperatures (e.g. 
TUCKER & WRIGHT, 1990, p. 395-396). BUDAI et al. (1987) described in their study of Missisipian 
shelf sediments similar isotopic variations with depleted oxygen compositions of 2-3‰ over replacive 
dolomites, although they measured on crinoidal calcite and dolomite cements. They concluded that the 
mixing of marine and meteoric waters during regressional and transgressional stages drove the 
dolomitisation. 
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Fig. 5.21. Carbon – oxygen isotope compositions of limestones and dolostones from the Fetlika outcrop. 
The black rectangle reflects the mean S/D seawater composition, which is based on isotopic 
measurements in brachiopod shells. The arrow lengths display 68% of measurements around the average 
(adopted from GODDÉRIS et al. 2001). Isotopic concentrations were measured by HERTEN (in prep.).  
 
The mixing zone or ”dorag” (Persian for mixed blood) model generally bases on the solubility 
properties of dolomite and calcite in a seawater/freshwater mixture (WARREN, 2000). Although marine 
waters are supersaturated with respect to the dolomite phase (Mg/Ca=5.2), kinetic factors hinder the 
direct precipitation out of the solution. Seawater is normally enclosed in the pore space of shallow 
subsurface limestones. In marine coastal environments, such sediments are sometimes affected by 
meteoric ground waters and thus by the mixture of both waters in varying proportions. If the mixtures 
comprise 10-35% seawater then the resultant solution is undersaturated with respect to calcite but 
supersaturated with respect to dolomite (BADIOZAMANI, 1973). Active ground water movement pumps 
these dolomitization fluids through the limestones and as a consequence, calcite becomes gradually 
substituted by the dolomite phase. TUCKER and WRIGHT (1990) assumed a strong palaeogeographic as 
well as palaeoclimatic control on the distribution of mixing-zone dolomites, due to the added active 
circulation of marine phreatic waters under a humid climate with strong seasonal rainfall. According 
to this, increased dolomite contents within an overwhelming regressional phase, observed in the upper 
part of the Fetlika sequences, most likely reflect the circulation of meteoric waters during shallow 
subaerial exposure of the carbonates, whereby the uppermost porous sandy sequence (described from 
the Fetlika-I core interval in chapter 5.2) probably acted as an aquifer. The gradual transition from 
limestones to dolostones broadly documents the lower limitations of such freshwater lenses.   
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5.2 Lithostratigraphic record of the Fetlika-I borehole  
The Fetlika-I borehole (40°43´58´´E; 38°16´5´´N) was drilled in the northwestern part of the Hazro 
anticline to a depth of 250m during July and August 2002. It was the aim of the fully cored borehole to 
get a preferably complete and continuous unweathered sequence across the Silurian and Devonian 
sedimentary deposits in order to correlate data with the Fetlika outcrop. For that purpose 64 samples 
were taken from a 44m thick core section (–86.00m to –42.22m) and investigated using the same 
methods as for the outcrop study. A detailed lithostratigraphic description with sample locations is 
given in Appendix B.1.  
The lowermost 21 metres of the examined core interval are composed of dark grey fissile and slightly 
bioturbated siltstones, which are occasionally disrupted by more calcareous and thus brighter 
bioclastic siltstone beds. Mostly, these beds contain a number of thin brachiopod shells probably of the 
order Strophomenida (Fig. 5.22a). According to palynological investigations (BROCKE pers. com., 
2002) this sequence is most likely assigned to the Přidoli series, whereas the sediments of the basal 5 
metres may be of Ludfordian (Upper Ludlow) age. With the occurrence of the first sandstone layer at 
–64.30m bioturbation traces increase distinctly in both beds and interbeds. The first prominent change 
in the lithology occurs slightly above –60m, where calcareous siltstones are overlain by a 5m thick 
well bioturbated and partly flaser bedded fine-grained sandstone sequence (Fig. 5.22b). Similar to the 
Fetlika outcrop, the sandstones are truncated by several partly amalgamated bioclastic layers occurring 
at about –53m. The following succession exhibits a faulted zone in its lowermost part, shortly above 
the bioclastic layers. Lithostratigraphically, this 8m thick interval is characterised by high frequent 
alternations of several cm-thick silty carbonate beds and calcareous siltstone interbeds. The beds in the 
upper half of this interval are intensively impregnated by oil. Thin-bedded dolomitic sandstones with 
wavy undulated bedding planes and abundant bioturbation traces define the basic lithology of the 
uppermost part of the investigated core interval, whereas several thin-bedded and oil impregnated 
dolomitic sandstone beds occur only subsequently.    
 
 
 
Fig. 5.22. Core photograph of a bedding plane with abundant brachiopod shells from –84.70m (a) and a
bioturbated bedding plane as well as a vertical view upon a sandstone succession (b) with planar orientated layers
in the lower part and probably swaley cross stratified (SCS) sandy layers in the upper part (–58.20m). 
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Fig. 5.23. The lithostratigraphic record of the Fetlika-I borehole between –86.00m and –44.22m potentially 
represents the Silurian and Devonian sedimentary sequences of the Hazro area. 
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5.2.1 Microfabrics and sedimentary structures 
Three additional microfacies types were recognized in the 12 thin-sections made of samples from the 
Fetlika-I core (Appendix B.3): 
• MF-4 (Carbonatic siltstone with shell fragments) 
• MF-5 (Dolomitic sandstone) 
• MF-6 (Laminated to bioturbated dolomitic siltstones or silty dolomites) 
 
MF-4 (Carbonatic siltstone with shell fragments) 
As mentioned before, up to 70cm thick calcareous siltstone beds occur typically in the lower 21m of 
the investigated core section. They can be distinguished from the ambient dark siltstones by several 
shells or shell fragments as well as by slightly increased carbonate contents of about 20% (Appendix 
B.4). An example of this facies type is given by the thin-section from the middle part of bed CFe23 
(Fig. 5.24). The sediment is mainly composed of unstratified silt grains, whereas the ferroan carbonate 
portion build up the thin walled shell fragments (calcite) and fills the remaining intraparticle pore 
space (dolomite). In Fig. 5.24, the comparison with the discontinuity surface (DS1) indicate, that the 
shells are mostly adjusted concordant to the bedding plane. The zoomed sector (right hand side) 
displays in the upper part a lateral cross section through a complete shell, which is build up by a 
convex pedicle- and a nearly flat brachial valve forming a rather small body cavity. Additionally, the 
lower part exhibits a pedicle valve (upside down), which is truncated frontal along the straight hinge 
axis. The bilateral symmetrical pedicle valves of both cross sections display projections (teeth), which 
point most likely to articulate brachiopods. Furthermore, a pseudopunctate shell structure (small 
calcite rods perpendicular through the shell surface) as well as semicircular to subquadrate outlines 
(observed from bedding planes in Fig. 5.22a) indicate the order strophomenida (probably the suborder 
strophomenidina). In the upper right corner of the thin-section, thin graded laminae of sand sized 
quartz grains truncate the above-described sediment (DS1).  
 
Discussion/Interpretation (MF-4) 
The shell-bearing calcareous siltstone layers from the lower part of the core section were formed 
during discrete short-term storm events. The uniform taxonomic composition as well as the loose 
packing of the bioclasts throughout the bed thicknesses reflects relatively high sedimentation rates and 
thus the rapid burial of the shell material. Mostly unfragmented to articulate shells indicate that the 
bioclasts have not been transported very far. Storm waves are able to erode and resuspend large 
volumes of autochthonous sediments (e.g. mud, silt, bioclasts) from the coastal areas, which were 
subsequently transported as suspended load and/or by storm-induced tractive currents into deeper 
marine environments. With decreasing energy, the sedimentary load successively settled out of the 
suspension and often forms a graded shell succession within a shaly sequence (e.g. bed CFe5-CFe6 in 
Appendix B.1).  
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Brachiopods such as strophomenids were sessile benthic epifaunal suspension feeders and dominated a 
range of nearshore to shelf-edge environments during the Paleozoic (BRENCHLEY & HARPER, 1998). 
The Strophomenid brachiopods existed from the Ordovician through the Triassic. Because of the 
lacking pedicle opening, strophomenids were mostly free-living organisms, floating on the substrata at 
the sediment water-interface by means of their large flat shells and/or spines (MC ROBERTS, 1998). 
 
Fig. 5.24. Stained thin-section photograph of a strophomenida shell accumulation from bed CFe23. The royal 
blue colour of the shell fragments, floating in a silty matrix indicates a ferroan component in the calcite crystal 
structure.  
 
MF-5 (dolomitic sandstone) 
Sediments of this microfacies type occur in a specific interval between –58.60 and –53.60m of the 
Fetlika-I core section. The lithology is mainly composed of grain-supported fine sand particles and 
ferroan dolomitic microcrystalline rhombs, which subsequently fill, similar to the above described 
strophomenida shell accumulations, the intraparticle pore space. As displayed in Fig. 5.22b, 
bioturbation traces parallel to the bedding planes as well as planar to undulated stratified structures are 
common features. An example of the various sedimentary structures is shown by the thin-section of 
sample CFe32 in Fig. 5.25. The lower part of the thin-section is characterised by three rhythmic 
alternations of dolomite-enriched and dolomite-depleted layers. The dolomite enriched and fine 
laminated layers show bedding plane-orientated concentrations of pyrite and organic matter, whereas 
pyrite and OM in the dolomite depleted and unstratified intervals are more disseminated.  
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The core view of this sample (Fig. 5.22b) displays at its top gently curved, low angle cross laminations 
arranged in a concave downward pattern (swaley cross stratification). However, these structures 
cannot be absolutely confirmed in thin-section.    
 
Discussion/Interpretation (MF-5) 
The alternation of dolomite depleted/enriched intervals in the lower part of the thin-section is most 
likely caused by the concentration of organic matter. Shortly after deposition, the well-sorted sand 
layers exhibit a relatively high primary pore volume and a high permeability. These intraparticle pores 
were probably filled with marine water. During early diagenesis in the very shallow subsurface, the 
oxygen of the marine pore waters, circulating in the sediments, was reduced by the breakdown of 
organic matter as a result of bacterial activity. After all oxygen was exhausted, bacteria started to 
reduce sulphate, which was dissolved in the water. During bacterial sulphate reduction, released H2S 
reduced further the pH value and reacted with in water solved Fe2+ ions, resulting in the formation of 
pyrite (BERNER, 1979).  Reduced pH values in turn result in the precipitation of dolomite as local 
cement (TUCKER, 2000). Finely disseminated pyrite as well as the ferroan dolomite cements, 
especially in the fine laminated layers of thin-section CFe32, indicates dolomite precipitation under 
reducing conditions.  
 
Fig. 5.25. Stained thin-section photograph from sample CFe32 shows the main stratification features of 
microfacies type 5 
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The faint swaley cross stratification (SCS structures) in the upper part of the sedimentary succession 
reflects changing wave conditions in a rather proximal environment, most likely generated by storm 
wave action.  
 
MF-6 (Laminated to bioturbated dolomitic siltstones or silty dolomites)       
Laminated to bioturbated dolomitic siltstones or silty dolomites mostly build up the interbeds in the 
upper part of the investigated core section between –52.89 and –42.22m. In the Fetlika outcrop, the 
comparable lithology was completely weathered and therefore unusable for microfacies-analyses. As 
the name of this facies type implies, the sedimentary structures display originally fine laminae of silt 
and clay-sized siliciclastic particles, but as a result of bioturbation these planar bedding planes were 
often intensely disrupted. The thin-section of sample CFe63 from the uppermost part of the core 
section is a good example of this facies-type (Fig. 5.26). Similar to the above-described MF-5, 
dolomite appears between the lithic grains as finely disseminated cement phase. Although OM is 
sporadically embedded in the sediment (e.g. prasinophytes), pyrite was not found microscopically. A 
pyrite content of 1.1% ±0.2, calculated by XRD-analyses confirms the observation. The succession 
can be divided at least into six intervals due the alternation of several mm-thick silty and muddy 
laminae. Especially the muddy parts show distinct disturbed- and therefore wavy to undulated bedding 
structures. Bioturbation traces occur in form of vertical (Monocraterion) and horizontal (probably 
Chondrites) burrows, respectively. 
 
Fig. 5.26. The stained thin-section photograph from sample CFe63 shows the sedimentary structures of the 
interbeds from the upper part of the investigated core interval (MF-6).  
 
Discussion/Interpretation (MF-6) 
The fine-grained sediments of MF-6 are assumed to be the “background” deposits of a storm 
dominated shelf environment. Such sediments were typically accumulated during the interregnum 
between two storm events.  
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Moderately to quiet hydrodynamic conditions of the bottom water promote the development of 
infaunal tiering. As a consequence, biogenic disturbance of the sediments leads to undulated bedding 
structures. In contrast to the sandstones of MF-5 the absence of pyrite as well as the unstained 
dolomite phase indicate most likely oxygenated conditions just below the sediment-water interface. 
Microfacies type 6 mainly exhibits trace fossils of the Cruziana (probably Chondrites) ichnofacies, 
indicating poorly sorted and unconsolidated substrates in a subtidal marine environment (PEMBERTON 
et al., 1992).    
 
Summary – Microfabrics and sedimentary structures 
Beside the MF-types 2 and 3, which have been already described from the Fetlika outcrop, the core 
samples from the Fetlika-I well show three complementary MF-types. Calcareous siltstones with shell 
fragments (MF-4) disrupt frequently as storm event layers the fine-grained muddy matrix-lithology in 
the lowermost part of the investigated sedimentary succession between –68 and –47m. Dolomitic 
sandstones (MF-5) appear in a specific interval between –58.60 and –53.60m. Observed SCS 
structures are most likely generated during storm events. They document changing wave conditions in 
a rather proximal environment. Laminated to bioturbated dolomitic siltstones or silty dolomites     
(MF-6) mostly build up the interbeds in the upper part of the core section between –52.89 and             
–42.22m. This microfacies-type documents subtidal shelf deposits, which were accumulated under 
quiet hydrodynamic conditions.  
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5.2.2 Bulk mineralogical composition 
Whole rock powders from the core samples consist of the same main mineralogical phases as the bulk 
samples from the outcrop (chapter 5.1.2). In contrast to the outcrop samples, flour-apatite was only 
detected in traces (<1w.-%), whereas the chlorite phase shows on average slightly increased values 
(2.5w.-%). Especially in the lower part of the investigated core section, several samples exhibit high 
amounts of pyrite (up to 8w.-%). The variation of the main mineral components is described as 
follows: 
 
Calcite [CaCO3] 
The calcite portion of the samples varies between 0 and 77w.-%. Throughout the whole core interval, 
calcite occurs only sporadically and is rather related to the beds (small black dots in Fig. 5.27) than to 
the interbeds. One exception is given in the upper section between –53.60 and –48.50m, where 
increased calcite values of about 30w.-% on average reflect the main mineralogical constituent of both 
beds and interbeds. Shortly above this interval, the calcite phase disappears almost completely.  
 
Dolomite [ ( )23, CaCOMgCa ]  
Similar to calcite, the dolomite contents range from 0 to 78 w-%. In the lower part of the core section 
from –86m up to –59m, calcite and dolomite are positive correlated. Above this level, dolomite and 
calcite display a good negative correlation, due to the increase in the dolomite phase from 20w.-% at 
about –59m up to the maximum value of about 78w.-% nearby the top of the investigated sequence.  
 
Quartz [SiO2] 
The quartz content usually varies over the core interval around 20w.-%. The exception is a 5m thick 
sandy sequence between –59 and –54m, where the values reach somewhat more than 50w.-%. Lowest 
quartz contents of about 6 and 8w.-%, respectively were detected from the bioclastic layers shortly 
above the sandy sequence.    
 
Alkali feldspar [KAlSi3O8]  
Generally, the orthoclase contents decrease steadily over the investigated core interval from about 
30w.-% on average at the base, to mean-values of less than 10w.-% at the top of the sequence.   
 
Illite/muscovite KAl2[(OH)2/Si3AlO10]; kaolinite Al4[(OH)8/Si4O10]; chlorite (Mg, Fe, Al)3(OH)6 
All detected phyllosilicate phases show nearly the same curve progressions as well as nearly constant 
proportions when they are plotted versus depth (Fig. 5.27). Therefore, they are described together as 
phyllosilicate fraction. Similar to the orthoclase portion, the phyllosilicates display an overall decrease 
from about 30w.-% illite/muscovite, 6w.-% kaolinite and 3 w.-% chlorite at the lower part of the core 
section to 10w.-% illite/muscovite, 2w.-% kaolinite and <1w.-% chlorite at the top of the investigated 
interval.  
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Discussion/Interpretation 
Based on the mineralogical data the investigated core interval can be divided into two main depth- 
related segments. The lower 27 metres (A) are mainly composed of siliciclastics as quartz, feldspar, 
illite/muscovite, kaolinite and chlorite. Apart from several bioclastic layers, which sporadically 
generate calcite and dolomite peaks (Fig. 5.27, sequence A) this segment displays no strong 
mineralogical variations. In the clayey matrix between –62 and –59m, reduced kaolinite contents as 
well as the availability of carbonates reflect a transition from the clay mineral dominated succession A 
into an above following quartz dominated sequence (B), in which the lithology is characterised 
subsequently by dolomite and orthoclase. As mentioned above, the phyllosilicates show generally 
values below 10w.-%. Just like displayed by the mineralogical outcrop data, the 5m thick sandy 
interval (C) is truncated by a succession of several carbonate rich bioclastic layers which are separated 
by thin clayey intercalations. Except for the reduced kaolinite values, these clayey layers display 
nearly the same mineralogical composition as the sediments from the lowermost clayey part (A). As 
shown in Fig. 5.27, sequence (C) between –53.62 and –52.89m separates the siliciclastic dominated 
lower segment (intervals A, B) from an overlying carbonate dominated segment. With respect to the 
carbonate phase, this segment can be divided into a lower calcitic/dolomitic (E)- and an upper 
exclusively dolomitic part (F), whereby the siliciclastic portion varies more or less constant in both 
successions.      
 
The depth-related variation of the detrital input (sum of carbonate-free calculated siliciclastics, 
quartz/clay ratio, quartz feldspar ratio) is shown in Fig. 5.28. The lower part of the core section (A) is 
mainly characterised by quartz/clay ratios less than one, which define clay dominated sediments. 
Several ratios greater than one mark the sporadic occurrence of Strophomenida shell accumulations. 
Similar to the outcrop data, both quartz/clay and quartz/feldspar ratios display nearly covariant curve 
progressions. This observation additionally confirms the assumption that the feldspar portion is rather 
related to the clay fraction than to the quartz fraction.  
Illite can originate under a variety of climatic conditions and therefore it is not particularly diagnostic 
of any source region (WEAVER, 1989). On the other hand, the occurrence of chlorite, and relatively 
high amounts of alkali feldspar (30 w.-%) as well as a covariant variation of these mineral phases 
within the lower part of the examined succession reflect probably moderate climatic conditions of the 
adjacent hinterland where physical alteration most likely prevailed over chemical weathering 
processes which would favour mica and feldspar hydrolysis (VALETON, 1988; WEAVER, 1989; 
HUTCHEON et al., 1998). Detectable amounts of kaolinite (6 w.-%) in this interval are contrariwise to 
the above given interpretation, because kaolinite is the dominant clay mineral of warm and humid 
climate zones. Thus, small kaolinite concentrations may document the contribution of an eolian source 
(transported from a more diverse terrain and wider climatic range) to the predominant detrital-derived 
siliciclastic fraction (MAHONEY et al., 1998; WEAVER, 1989). 
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From the uppermost part of the phyllosilicate dominated sequence (A) at –60m upward, the variation 
of the mineralogical phases is almost equal to the variation of the outcrop data. Thus, the overlying 
quartz dominated interval shows in both outcrop and core nearly the same thicknesses of about 4m 
(B). Because of the relatively high quartz contents, this interval is suited for a mineralogical cross 
correlation between core and outcrop (Fig. 5.36). Apart from the carbonate content, the bioclastic 
layers and their clayey intercalations of interval (C) comprise approximately the same siliciclastic 
portions. Comparatively high clay portions in the bioclastic beds are caused by embedded mud clasts 
(Fig. 5.4), documenting the erosional character of this lithofacies. The above following clayey interval 
(D), which was recognised in the outcrop over a thickness of about 2m, is largely missing in the core, 
probably due to a faulted zone (Fig. 5.23). Again in accordance to the outcrop data, the detrital input 
from the uppermost carbonate dominated part of the core interval (E-F) display high amounts of quartz 
and correspondingly low feldspar and clay portions. Larger fluctuations in the mineralogical 
composition are mainly caused by the alternation of two different sediment types (beds and interbeds), 
deposited under different hydrodynamic regimes.  
 
Summary – Bulk mineralogical composition 
Similar to the outcrop, the samples of the investigated core section are mainly composed of quartz, 
calcite, dolomite, alkali feldspar, illite-muscovite and kaolinite. The mineralogical intervals A, B, C 
and F were observed in the same order in both outcrop and core. However, one exception is given by 
the interval D which partially lacks in the core, most likely due to an above adjoining fault zone.  
The lower shale-dominated interval is characterised by high phyllosilicate contents, whereas 
carbonates occur in larger amounts only in the storm-generated Strophomenida beds. Most of the 
phyllosilicates detected in this sequence document the detrital influx, originated from the adjacent 
hinterland under moderate climatic weathering conditions, whereas small amounts of kaolinite 
probably reflect an additional but rather subordinated eolian source. Differences in the mineralogical 
composition of beds and interbeds as well just small amounts phyllosilicates in the upper calcareous 
part of the investigated sequence are rather caused by different hydrodynamic depositional conditions 
than by a fluctuating climate signal.  
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5.2.3 Variation of redox-sensitive trace elements  
Whole rock trace element concentrations from sediments of the Fetlika-I borehole have been 
determined via inductively coupled plasma mass spectrometry (ICP-MS). The geochemical data are 
listed in Appendix B.5. The amounts of U, Th as well as the concentration of Co, Ni, V and Cr vary 
through the core section between 1 and 130ppm (Fig. 5.29). The lowest values between 1.1 and 
7.9ppm (0 = 3.1 ± 1.5) were measured for U. In comparison, the Th contents of the samples display a 
similar curve progression, although the values fluctuate somewhat higher between 4.8 and 25.4ppm (0 
= 14.6 ± 6.7). The trace metal amounts generally vary in the order Co < Ni < V < Cr, whereas V and 
Cr display in the lower part of the core section nearly the same concentrations. Co and Ni contents 
range from 4.0 to 17.9ppm (0 = 12.1 ± 4.3) and 13.7 to 44.8ppm (0 = 30.2 ± 9.8), respectively. V (0 = 
72.6 ± 31.9) and Cr (0 = 82.4 ± 22.5) display together the overall greatest trace metal values with 
126.4ppm and 130.4ppm (–77.10m). Minimum values of 20.2ppm for V and 34.2ppm for Cr in the 
uppermost part of the core interval produce the largest standard deviations. All elements show from 
66m depths up to the top of the investigated core an overall depletion, which is associated with a 
steady increase in the carbonate content (chapter 5.2.2). This phenomenon gives evidence for the 
assumption that the examined elements are closely related to the siliciclastic fraction, but it is essential 
for the further interpretation to prove whether the elements were precipitated from the water column or 
derived from the detrital influx.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.29. Redox-sensitive trace elements versus depth 
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Discussion/Interpretation 
Sediments from the Fetlika outcrop, which have been analysed by neutron activation analyses (chapter 
2.2.3), show non or rather depleted concentrations of redox-sensitive trace elements (Appendix A.7) 
probably due to weathering effects. Therefore, the interpretation of ancient palaeo-oxygen conditions 
is only possible by using the core samples. It based on the five geochemical indices DOP (Degree of 
pyritisation), U/Th, authigenic U, V/Cr and Ni/Co, which turned out after investigations of JONES and 
MANNING (1994) as the most reliable ones. In their study, they differentiated these parameters into 
three chemically independent groups: The formation of pyrite during early diagenesis, the relationship 
between mobile U and immobile Th, and the ratios of various redox sensitive trace metals. In order to 
avoid misinterpretations caused by different depositional processes (e.g. storm events) and thus by 
different lithologies, 22 fine-grained siliciclastic interbeds from the Fetlika-I core were examined.   
 
DOP (Degree of pyritisation)           
Pyrite formation as a result of microbiological sulphate reduction is generally subject to anoxic 
conditions as well as to the supply of sulphate, organic matter and iron. In euxinic environments, H2S 
production is not hindered by bioturbational reoxidation and the detrital iron minerals react with H2S 
both in the water column and for long periods after deposition (RAISWELL et al., 1988). Therefore, if 
sufficient organic carbon is present in such an environment, pyrite formation is limited exclusively by 
the availability of detrital iron. The degree of pyritisation is a measure of Fe still available which 
would be reactive to H2S. It is defined by BERNER (1970) as follows: 
 
(pyritic Fe) / (pyritic Fe + HCl-soluble Fe) = (pyritic Fe) / (total Fe) 
 
According to the equation, a DOP-value of 1 indicates the limitation of Fe in an anoxic environment. 
In this study, the pyritic Fe content was calculated stoichiometrically by the absolute sulphur 
concentrations, based on the assumption that elemental sulphur is invariably bound to the pyrite 
minerals (pyritic Fe = SLECO x 0.875). A correlation coefficient of 0.93 between the pyrite contents 
calculated via LECO and XRD justifies this assumption. The DOP-values of the core interval vary in a 
range between 0.04 and 0.77. However, the average value of 0.28 ± 0.04 points for most of the 
samples to an aerobic depositional environment (Fig. 5.31).    
 
U/Th and authigenic uranium 
Uranium in oxygenated seawater is present as stable and soluble U+6, fixed in a uranyl-carbonate 
( )[ ] −4332 COUO ions complex (LANGMUIR, 1978; KLINKHAMMER & PALMER, 1991). Under reducing 
conditions the uranyl-carbonate complexes were removed from the water column into the sediments 
mainly by diffusion processes (MORFORD & EMERSON, 1999). The following reduction of U+6 to U+4 
and the precipitation possibly as uraninite complex enhances the uranium content in the sedimentary 
record. In contrast, Th with its valence state of +4 behaves stable in seawater being unaffected by the 
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oxygen concentrations. In fine-grained sediments, it is mostly associated with the detrital fraction. Due 
to the fact that uranium may also occur in the detrital fraction, WIGNALL and MYERS (1988) proposed 
the application of authigenic uranium as paleo-redox indicator. They determined empirically that 
detrital U occurs three times less in sediments than Th. Therefore, 1/3 of the measured Th content 
should approximate the U content associated with the detrital fraction. The amount of authigenic U 
can thus be calculated by subtracting the measured U content from the calculated detrital U content: 
(authigenic U) = (total U) – Th/3. For the investigated core section the U/Th ratios vary in the oxic 
field between 0.14 and 0.61 with an average value of 0.26 ± 0.09 (Fig. 5.31). In agreement with this 
result, all calculated authigenic U contents display values less than zero, which indicates that no U 
precipitation took place in this environment. 
 
Trace-metal ratios (V/Cr, Ni/Co) 
The V/Cr ratio is based on the negative redox potential of vanadium, which occurs in oxygenated 
waters in the valence state +5 incorporated in the vanadate ( )−42VOH  anion (MORFORD & EMERSON, 
1999).  
 
 
 
Fig. 5.30. Bivariate plots of redox-sensitive trace metals versus the acid-insoluble residue indicate most 
likely a detrital interdependency 
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In the absence of oxygen, V+5 is reduced to V+4, which may be bound to organic matter and 
subsequently concentrated in the sediments (LEWAN & MAYNARD, 1982; DILL, 1986). Cr is mostly 
associated with clay minerals and thus with the detrital fraction, although Cr together with Ni and Cu 
can also trapped with organic matter under reducing conditions. However, V accumulates in 
comparison more efficiently (BELLANCA et al., 1996), which leads to an increase in the V/Cr ratio.  
 
Due to the positive redox potential of Co (Co2+ → Co3+), also the Ni/Co ratio may give some 
information on the palaeoredox conditions in the basin (DYPVIK, 1984).  
For the Fetlika-I core samples, bivariate plots of V and Cr as well as Ni and Co versus the siliciclastic 
residue clearly indicate an interdependency and thus most likely a detrital origin of the redox-sensitive 
trace elements (Fig. 5.30). Only the linear regression curve of Ni/residue displays a slightly positive 
ordinate intersect point, which probably can be neglected. As stated above for U, there was no 
additional precipitation of redox-sensitive trace metals out of the water column. The core samples 
exhibit V/Cr and Ni/Co ratios between 0.36-1.29 and 2.03-3.15, respectively. An average value of 
2.54 ± 0.33 for V/Cr and 0.81 ± 0.23 for Ni/Co points after JONES and MANNING (1994) clearly to 
oxygenated bottom water conditions (Fig. 5.31).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.31. Redox sensitive indices from the Fetlika-I core samples reflect oxygenated conditions 
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Because of the minor and irregular fluctuations, a depth related trend of the redox-sensitive elements 
within the oxygenated range becomes not obvious. However, the sole positive authigenic U value of 
3.58, the comparatively high amount of pyritic Fe (DOP = 0.25), increased V/Cr (1.10) and U/Th 
(0.61) ratios as well as a decreased Ni/Co ratio of 2.20 point at least for the muddy sediment in-
between the bioclastic layers at –53.40m (sample CFe36a) to less oxygen concentrations in the bottom 
water zone.       
 
Summary – Variation of redox sensitive trace elements 
Trace element concentrations display throughout the investigated core section a steady decrease, due 
to the contemporary increase of the carbonate phase. In order to avoid carbonate dilution effects, DOP, 
U/Th, authigenic U, V/Cr and Ni/Co were used for the reconstruction of palaeo-oxygen conditions in 
the bottom water zone. All redox-sensitive elements display a positive correlation with the detrital 
influx and thus, the elemental ratios reflect an oxygenated depositional environment. Only the trace 
element contents of sample CFe 36a (–53.40m) show comparatively oxygen-depleted conditions 
within the oxic zone.          
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5.2.4 Detrital texture 
Altogether 55 samples over the examined core interval from –42 and –86m were measured in a 
spectrum between 0.1 to 600µm. About 10% of the particle sizes of the siliciclastic fractions display 
unimodal frequency curves with a particle range from silt (∅max= 5φ) to clay (∅min= 12φ). The 
remaining samples exhibit various bimodal distributions in a medium/coarse sand (∅max= 1φ) to clay 
range (∅min= 12φ). The same hierarchical cluster analysis procedure as applied before for the Fetlika 
outcrop samples produces five higher-ranking grain size distribution groups (Fig. 5.32, Tab. 5.3.). 
 
(A) Very fine sand/fine silt (n=7) 
Identical to the outcrop data the maximum rescaled distance of group A indicates the most 
dissimilarity in comparison to the other groups. The bimodally distributed particle size curves display 
mean modes at 3.4 and 7.2φ respectively. Typically for this group, the particles of the sand fraction are 
mostly well sorted (σ = 0.4) whereas the fine particle population is poorly sorted (σ = 1.7).    
 
(B) Very fine silt/very fine sand (n=5) 
The siliciclastic particles from the samples of the grain size group B show rather irregular 
distributions, which causes, similar to group A, a relatively high distance coefficient. The siliciclastic 
fraction is composed of a sand- to coarse silt fraction and a very fine silt fraction. The well sorted 
sand/silt fraction (σ = 0.4) varies more heterogeneous between modes of 3.0 and 4.3φ and is therefore 
most similar to the coarse fraction from particle size group A. In contrast, modes from 7.9 to 8.5φ 
show for the poorly sorted silt particle population (σ = 1.5) less strong variations. As already 
mentioned above and shown in Fig. 5.32, the coarse particle size population is related to group A, 
whereas the fine population displays close similarities to the following group E. The bimodal nature of 
the particle size distributions reflects a transition between groups A and E.     
 
(E, E*) Very fine silt/very coarse silt (n=19) 
Generally the particle size distribution of group E is characterised by bimodal curve progressions, 
which build up two mean mode-values (local maxima) at 4.5φ (very coarse silt) and at 8.1φ (very fine 
silt). The coarse population is well to moderately well sorted (σ = 0.3-07), whereas the very fine silt 
fraction is invariably poorly sorted (σ = 0.4). Subgroup E* was separated from E, due to a slightly 
different skewness of the very fine silt population as well as greater amplitudes of the very coarse silt 
fraction (Fig. 5.32).    
 
(D) Fine silt (n=18) 
Group D comprises unimodal grain size distributions in the fine silt region with an average mode at 
7.6φ. The second and third moment measures of the sum curves reflect poorly sorted (σ = 1.3) and 
fine-skewed particles ( 3α = +0.3). 
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Fig. 5.32. The dendrogram shows the result of the hierarchical cluster analysis, derived from measured grain size 
distributions of the investigated Fetlika-I core section (left hand side). Particle size group B displays a 
transitional group between A and E.    
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  Tab. 5.3. Textural characteristics of the Fetlika-I core samples, identified by hierarchical cluster analysis         
Lithic grain size group Content [%]   Grain size parameters 
  sand silt clay   mode(s) [φ] x [ ] σ [ ] 3α [ ] 
(A) Very fine sand/ 40-70 25-50 5-10  0.4-0.6 and nd* 
      fine silt     
            3.3-3.7 and 
            6.7-8.1 1.3-1.9  
         
(B) Very fine silt/ 7-70 20-63 10-30  1.3-1.8 and nd* 
      very fine sand     
            7.9-8.5 and 
            3.0-4.3 0.4-0.5  
         
(D) Fine silt -- 70-80 20-30  6.5-8.0 7.5-8.2 1.1-1.5 0.02- 0.50 
         
(E, E*) Very fine silt/ <6 ~60 30-40  1.3-1.6 and nd* 
       very coarse silt     
            7.7-8.5 and 
            4.2-4.8 0.3-0.7  
 
  nd*: not determined (the separated grain size curves are the results of a Gaussian peak fitting procedure and thus normal 
distributed) 
 
Discussion/Interpretation 
A comparison of the calculated particle size groups with the specific sample levels reveals a distinct 
depth related association. According to this, most of the unimodal distributions and poorly sorted 
siliciclastic fractions (D) are derived from the fissile siltstones (shales) of the lowermost 21 metres of 
the examined core interval (Fig 5.23). Within this sequence, the sporadically occurring strophomenida 
shell accumulations (Fig. 5.24) exhibit bimodal lithic portions. Modes as well as sorting values of their 
fine particle size fraction are equivalent to the unimodally distributed lithic components of the 
siltstones in which they are embedded, whereas the well sorted coarse particle size portion, with 
modes between 4 and 5φ, is rather comparable to the coarse fraction of group E. In analogy to the 
sandstone sequence of the Fetlika outcrop, the samples from the overlying sandy interval between       
–58.60 and –53.60m are invariably related to the particle size group A. In the transition to this group, 
both particle size fractions display a distinct coarsening shift of about 1φ, which is directly associated 
with a slight decrease in sorting (Fig. 5.33). The lithic fractions of the silty intercalations from the 
above following succession exhibit again a poorly sorted unimodal distribution. The affinity to the 
particle size group D as well as the stratigraphic level indicates most likely, that they are equivalent to 
the basal part of the subgroup Db from the Fetlika outcrop (chapter 5.1.4). The siliciclastic fraction 
from the overlying dolomitic interbeds between –52.90 and –45.10m (E) reflect two main modes, one 
in the very coarse silt range between 4-5φ and the other in the very fine silt range between 8 and 8.5φ. 
Furthermore, the sorting values of the poorly sorted fine particle size population show only minor 
fluctuations, whereas the generally well-sorted coarse population varies considerably between 0.3 and 
0.7. The dolomitic sandstones from the uppermost part of the core section between –45.10 and –
42.22m are strictly related to the particle size group B. The transition to this uppermost sequence is 
solely characterised by the well sorted coarse particle fraction, which displays another shift from the 
very coarse silt- to the very fine sand range, whereby the poorly sorted fine lithic particle population 
remains constant in the very fine silt range.   
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Fig. 5.33. Mode and sorting values of the unimodal and bimodal coarse/fine fractions 
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Transport agencies and depositional conditions 
The lower part of the investigated core section displays poorly sorted unimodal particle size 
distributions (D) which point to pelagic suspension as transportation process, as confirmed by data in 
the C/M chart. Furthermore, most of the data points display a direct correlation to the Fetlika outcrop 
data (grey spheres in Fig. 5.34), which are associated with the uppermost part of the Middle Dadaş 
Formation. These data are consistent with the interpretation that the terrigenous particles, at least from 
the upper 20m of the Middle Dadaş Formation, were settled within a non-turbulent suspension under 
quiet water conditions. Only a couple of strophomenida beds document storm induced suspension flow 
deposits. Such layers can be detected relatively easy by their bimodal particle distributions (E), 
displaying uniform suspension as transportation process. The data of the coarse particle population 
from the above following sandstone sequence (A) indicate, that the sediments were mainly transported 
in a graded suspension, probably under the influence of tractive currents. In comparison to the outcrop 
data, the fine particle components of this sediment fit rather to group B than to group A (Fig. 5.34, 
right). However, this does not effect the interpretation, because both fine particle populations, a and b, 
scatter in the C/M diagram in the field of pelagic suspension. The muddy interbeds from the overlying 
bioclastic sequence exhibit similar to the lower part of the core interval a lithic fraction which 
documents relatively quiet depositional episodes. 
 
 
Fig. 5.34. C/M charts after PASSEGA (1964) for the coarse lithic fractions (left) as well as for the fine 
lithic fractions (right) from the Fetlika-I core interval between –86.00 and –42.22m. The grey coloured 
spheres show the different fields in which the data from the Fetlika outcrop scatter.   
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The bimodal distributions of the silty interbeds from the following calcareous sequence (E) point to 
turbulent conditions, although they should reflect as “background deposits” rather unimodal 
distributions. The sets of both particle fractions of group E (fine and coarse) are similar to the results 
from the tempestites of the Fetlika outcrop. This difference can be explained by the intense 
bioturbation (chapter 5.2.1, MF-6), which caused at last a mixture of storm deposits and sediments of 
the stratigraphically encompassing interregnums. In accordance with the previously described 
mineralogical cross correlation (Fig. 5.36), the uppermost 2.88m (between –45.10 and –42.22m) of the 
investigated core section should reflect the upper continuation of the sedimentary succession from the 
Fetlika outcrop. In this core interval, the particle size distribution of the lithic portion from the mainly 
dolomitic silt- and sandstones show notable similarities to the sandy sequence described from the 
lower part. Particle size data from unimodal/bimodal distributions and poorly sorted clayey siltstones 
(groups C and F of the Fetlika outcrop) lack in the C/M diagram of the Fetlika-I core, due to the fact 
that the calcareous layers, which most likely reflect tempestite deposits, were not sampled in detail.  
 
Summary – detrital texture 
In comparison to the Fetlika outcrop, the statistical evaluation of the determined particle size data from 
the lithic fractions of the Fetlika-I core interval produces almost the same clusters. Supplementary to 
the outcrop data, the sediments of the lower 21m from the investigated core display unimodal 
distributions, indicating relatively quiet sedimentation conditions. Several Strophomenida shell 
accumulations occurring within this sequence point to storm induced suspension flows. The silty 
intercalations in the upper calcareous part between –52.90 and –45.10m show similar particle- size 
distributions because of the activity of benthic organisms, which resulted in a mixture of the storm 
deposits and the interbeds. The similarity between the particle size distributions from the lithic fraction 
of the uppermost core section and the sandstone sequence between –58.60m and –53.60m probably 
reflect a sedimentary facies recurrence.         
 
 
5.3 Correlation of outcrop and borehole Fetlika 
The sedimentary sequences of outcrop and core have been compared by lithostratigraphic (Fig. 5.35) 
and mineralogic (Fig. 5.36) cross-correlations. Both sections were calibrated by the onset of the 
lenticular and flaser bedded sandstone sequence due to the distinct lithological change from shales to 
sandstones, which documents continuous sediment accumulation. As a result, both correlations display 
three main lithological intervals, which are identified from the bottom up as shale sequence, lenticular 
and flaser bedded sandy sequence (sand body in Fig. 5.36), as well as thin to medium bedded 
calcareous sequence. The lateral offset between the subordinated bioclastic intervals (~0.8m) confirms 
the before described erosional character of the bioclastic layers. The sediments of the Fetlika-I core 
display shortly above the bioclastic interval a probably local restricted fault zone, which caused a loss 
of some tens of centimeters of the sedimentary record. 
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Fig. 5.35. Lithostratigraphic cross correlation between the Fetlika-I core and Fetlika outcrop sequences 
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5.4 Definition of lithofacies types 
As shown in Fig. 5.37 the sedimentary sequences in the Fetlika valley (Hazro area) can be separated in 
a lower siliciclastic dominated detrital division and in an above following biogenic carbonate 
dominated division, which is in turn overlain by a next detrital cycle. The lower sedimentary 
succession is mainly composed of shales, which are superimposed by dolomitic sandstones. The upper 
division displays a rhythmic alternation of carbonatic siltstones and silty carbonates with varying 
contents of micrite and dolomite. In its uppermost part, calcite becomes more and more substituted by 
dolomite due to post-depositional diagenetic processes. Allochem limestones appear prominent but 
only subordinated between these two divisions. Altogether six sedimentary facies types can be 
distinguished in respect to the mineralogy, the detrital texture, internal structures and ichnological 
criteria.  
 
  
 
Fig. 5.37. Relative composition of the major sediment components from the Fetlika outcrop indicating two 
different sediment sources (after FRIEDMAN et al., 1992) 
 
5.4.1 Shale facies 
Especially in the outcrop, the shale facies occur as strong weathered homogenous dark grey sediments 
mainly at the basal part of the investigated section (Fig. 5.2). In both core and outcrop, the lithology is 
characterised by high amounts of siliciclastics, whereas carbonate is only detected in quantities smaller 
than 10wt.-%. The shales are typically identified by their high illite/muscovite and kaolinite contents, 
which amounts together generally more than 50w.-% of the sediment. The poorly sorted lithic fraction 
displays unimodal particle size distributions with modes varying in the very fine silt region. Apart 
from the good fissility of the sediments, which points to a laminar stratification, no distinct 
sedimentary structures become obvious.  
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5.4.2 Dolo-allochemic siltstone facies 
Sediments from this facies type are observed invariably in the lower 21 metres of the Fetlika-I core 
section, where they frequently disrupt the succession of the before described shale facies. The 
carbonatic siltstones are mainly characterised by the accumulation of bedding plane orientated 
brachiopod shells from the order strophomenida. Up to 12w.-% dolomite occur as cement phase in the 
intraparticle pore space, whereas varying calcite contents between and 14 and 58w.-% are mainly 
associated with the brachiopod shells. Typically for this facies type, the lithic portion displays a 
bimodal particle size distribution with modes in the very coarse silt- and very fine silt region, although 
more than 90% of the siliciclastics are composed of very fine silt.   
 
5.4.3 Dolomitic sandstone facies 
Very thin to thin bedded grey dolomitic sandstones occur shortly above the previous described shale 
sequence within a 4.5m thick interval as well as in the uppermost part of the investigated sedimentary 
succession. The facies type is equivalent to MF-5 of the Fetlika-I core. Sixty to ninety seven percent of 
the sediment is built up by the lithic fraction that consists of quartz, feldspars, illite/muscovite and 
kaolinite. However, high quartz/feldspar ratios between 10 and 50 display a high mineralogical 
maturity. Ferroan dolomite with an average content of about 14wt.-% commonly fills the intraparticle 
pore space (Fig. 5.25). The particle size curves of the lithic portion display bimodal distributions in the 
very fine to medium silt- and in the very fine- to fine sand range, although the silt-sized population is 
rather subordinated. In contrast to the poorly sorted silt fraction, the sand fraction exhibits very well to 
well sorted particles with nearly constant modes. Wavy to lenticular flat bedding planes and swaley 
cross stratification structures are common features. As mentioned before in chapter 5.2.1, several 
layers show distinct sinuous tracks (Fig. 5.38) and burrow systems (Fig. 5.22b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5.38. The photograph shows a
hand specimen from the lower bedding
plane of Ba20Fe from the Fetlika
outcrop with abundant sinuous tracks
of the Cruziana ichnofacies (probably
Thalassinoides).  
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5.4.4 Dolo-allochemic limestone facies 
With the exception of two microconglomeratic beds in the basal part of the Fetlika outcrop (MF-1), 
allochem limestones with distinct erosional bases are limited to a specific interval between the detrital- 
and the biogenic division (MF-2). The sediments are characterised by the dense accumulation of 
diverse fragments and shells from brachiopods, gastropods, bivalves, ostracodes, crinoids and 
bryozoans (Fig. 5.4). The well-preserved shape of the bioclasts and the occurrence of whole 
specimens, indicate that the benthic organisms were not far transported from their habitat. According 
to the high bioclastic content, the calcite phase dominates with up to 80wt.-% the mineralogical 
composition of this facies type. Dolomite as the secondary carbonate phase occurs mainly as cement in 
the intraparticle pore space of several mud clasts, cumulating at the bases of the bioclastic beds (Fig. 
5.4a). The subordinated siliciclastic fraction displays mostly a unimodal distribution in the very fine 
silt region, which is comparable to that from the shale facies. In contrast, the above-mentioned 
microconglomerates are composed of coarse well-rounded quartz grains and apatite fragments of 
different shapes, floating in a micritic matrix (Fig. 5.3).   
 
5.4.5 Dolo-micritic siltstone facies 
Pale-grey dolo-micritic siltstones appear mainly as intermediate layers in the lower half of the 
calcareous dominated sequence, above the bioclastic beds. Generally, this sediment type is composed 
of about 60w.-% siliciclastics (i.e. quartz + illite/muscovite + feldspar). The remaining portion is build 
up by calcite and dolomite. Particle size data show unimodal as well as bimodal distributions with 
modes in the coarse silt region and in the very fine silt region. In the outcrop, the dolo-micritic 
siltstone intercalations are strongly weathered, similar to the sediments from the lowermost shale 
facies. Due to the better preservation, the core samples display an alternation of silty and muddy 
laminae with wavy to undulated bedding planes (MF-6). However, primary sedimentary structures of 
this facies type are often admixed, due to the activity of endobenthic organisms (Fig. 5.26).  
 
5.4.6 Silty/sandy micrite and dolomite facies 
Thin to medium bedded, wavy limestone and dolomite layers build up the lithological counterparts of 
the carbonatic siltstone intercalations in the carbonate-dominated upper division. About 70wt.-% of 
the sediment consist of calcite and dolomite. Quartz, illite/muscovite and feldspars reach an average 
amount of 30wt.-%. The lithic fraction exhibits very poor sorted and hence, mostly bimodal 
distributed particles in the very fine silt- and in the very fine sand range, respectively. Most of these 
carbonate layers show horizontal fine laminated and graded structures which are partly disturbed by 
vertical u-shaped (Diplocraterion) as well as simple, tube-like (Monocraterion) worm burrows     
(MF-3). Occasionally, the primary bedding structures are disturbed by localised dissolution or 
cementation of the limestone-layers (RICKEN & EDER, 1991). This kind of diagenetic overprint is 
documented by several nodular carbonate horizons, whereas the nodules are floating in the silty matrix 
of the dolo-micritic siltstones (Fig. 5.2).     
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6.1 Characterisation of organic matter from Fetlika outcrop samples 
  
6.1.1 Quantity, type, and thermal maturity of organic matter 
As shown in Fig. 6.1a, the whole rock TOC-values of the Fetlika outcrop samples (n=134) vary 
between 0.07w.-% in one of the allochem limestones at 5.66m (B01) and 0.88w.-% (Ia01) at the base 
of the section, whereby throughout the investigated sequence the organic carbon content averages at 
0.31±0.17w.-%. One reason of the high mean standard deviation of nearly 55% is given by the onset 
of the calcareous and rhythmic stratification in the upper part of the outcrop (chapter 5.1), which 
implicates a dilution of the organic carbon influx. After excluding the carbonate phase from the 
mineralogical composition, the recalculated TOC-values display a somewhat higher range between 
0.08 (Ba04, 1.45m) and 1.31w.-% (B31, 12.75m) with an average value of 0.55±0.2w.-% (Fig. 6.1b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.1. The variation of the whole-rock organic carbon contents (a) and the carbonate-free 
calculated organic carbon contents (b) throughout the investigated Fetlika outcrop section 
(black dots = beds, interbeds unmarked). 
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As expected, the mean standard deviation decreases from 55 to 31%, which results from less scatter of 
the organic carbon contents (Fig. 6.1b). In the lithostratigraphic context, the highest TOC values have 
been reached mostly in the sandy lower part as well as in the silty/dolomitic uppermost part of the 
Fetlika outcrop. 
 
The quality and the maturation of the detected organic carbon that amounts to more than 0.2w.-% 
TOC (n=91) were evaluated simultaneously by Rock-Eval pyrolysis. The results are shown in relation 
to depth in Fig. 6.2. It should be noted that hydrocarbon yields below 0.2mg/g rock generated by 
pyrolysis were excluded from further characterisation, because such low amounts of S2-hydrocarbons 
often causes inaccurate Tmax values (PETERS, 1986).  
 
During the thermal degradation of kerogen, the maximum number of hydrocarbon compounds was 
released at temperatures between 412 and 436°C (n=76). The highest Tmax values were measured in the 
shale samples from the basal part of the Fetlika outcrop, whereas strongly lowered Tmax-values occur 
in the TOC-rich sandy and silty/dolomitic intervals, respectively.  
 
The fraction of TOC that is converted by pyrolysis to hydrocarbons and related compounds is referred 
to as the hydrocarbon index (HI = [S2/TOC] x 100). It is expressed as milligrams of hydrocarbon per 
gram of total organic carbon (mg HC/g TOC). In general, the evaluated outcrop samples display a HI-
range between 83 and 505mg HC/g TOC. Increased HI values appear typically in the lower sandstone 
sequence as well as in the dolomitic beds of the uppermost interval. The shales of the basal part 
exhibit HI values of about 200mg HC/g rock, whereas the lowest concentrations occur in the silty 
interbeds of the calcareous succession.  
 
Liquid hydrocarbons already incorporated in the sedimentary rock, have been quantitatively detected 
as S1-peak (mg HC/g rock). The volatile hydrocarbons contents (S1) of the samples vary with a factor 
of 100 between 0.01 and 1mg HC/g rock. Similar to the HI, the S1 contents increase in samples from 
the lower sandstone sequence and from the dolomitic beds of the uppermost interval. The samples 
derived from the basal shaly part and from the interbeds of the upper calcareous interval generally 
exhibit less than 0.1mg adsorbed hydrocarbons per gram of rock.  
 
The proportion of volatile OM in relation to the total amount of hydrocarbon compounds present and 
obtained by pyrolysis is termed after ESPITALIÉ et al. (1977) as production index [PI = S1/(S1+S2)]. 
Comparable to the variation of the formerly described HI and S1-parameters, the highest production 
indices of about 0.5 are documented in the lower sandstone sequence. Furthermore, increased PI-
values up to 0.33 characterise the dolomitic beds from the uppermost part of the section. Therefore, 
both intervals in the lower and uppermost part reflect on the one hand relatively high S2 values 
(expressed as elevated hydrocarbon indices in Fig. 6.2) and on the other high abundances of embedded 
soluble OM, associated with reduced Tmax values. The basal part as well as the interbeds in the upper 
calcareous part commonly display PI values lower than 0.1.  
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Discussion/Interpretation 
In relation to the geothermal gradient as well as the type of OM, the Tmax as an indicator of thermal 
evolution generally increases with about 10 to 15° C per thousand metre depth. Therefore, the 
observed variation of ∆Tmax=24° C over the 14m thick sequence must have been caused by 
impregnation processes. Heavy ends of migrated oil can affect the S2 peak and thus the Tmax of the 
kerogen (CLEMENTZ, 1979). The influence of migrated oil is indicated in the geochemical log of Fig. 
6.2 at least for the relatively coarse grained sediments i.e. the sandstones in the lower part and the 
dolomitic beds in the uppermost part of the section, where exceeding HI, S1 and PI values are contrary 
to the respective Tmax values. An impregnation with a crude oil, which contains substantial amounts of 
high molecular weight constituents, can be commonly identified from the pyrogram by a bimodal S2 
peak (HUNT, 1995, p. 493-496). However, the Rock-Eval pyrograms from the Fetlika samples show 
no distinct bimodal distribution, although the S2 peaks become more and more negatively skewed with 
increasing impregnation (Fig. 6.3). On the other hand, samples from the lowermost shaly sequence and 
from the interbeds of the upper calcareous interval show symmetrical S2 peaks, very low S1 peaks and 
nearly constant Tmax values (compared to adjacent samples). Therefore, it is assumed that these 
samples are most likely not impregnated. Somewhat higher Tmax values in the clay-rich lowermost 
sequence between 0 and 1.30m (Fig. 6.2) are typically caused by mineral matrix effects and thus by 
the adsorption of pyrolytically created organic compounds onto the clay mineral matrix (e.g. 
ESPITALIÉ et al., 1980; HORSFIELD & DOUGLAS, 1980; PETERS, 1986).  
 
 
Fig. 6.3. The Rock-Eval pyrograms show the main differences between non-impregnated samples (A, B) 
and asphaltene stained samples (C, D) from the Fetlika outcrop. The skewness (sk*=3rd moment) of the S2 
peaks as a measure of symmetry as well as the Tmax values gradually decrease with increasing impregnation 
from sample C to sample D.  
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Table 6.1 lists the results of bulk organic geochemical analyses obtained from three micritic siltstone 
samples with autochthonous OM and one dolomitic siltstone sample which exhibits most likely 
allochthonous OM (B29). The samples were measured twice, before and after the solvent extraction 
and the subsequent leaching by hydrochloric acid. Due to the loss of the calcitic matrix, the three 
micritic siltstone samples display a decrease in the temperature index (Tmax) of about 5°C. The 
adsorptive capacity of these sediments is about 0.5mg HC/g rock, whereas the low S2 discrepancy of 
0.06mg HC/g rock from sample I-03/04a is caused by the low calcite content of 4.5% and thus by 
only minor matrix effects. Contrary to the micritic siltstones, the asphaltene-stained dolomitic sample 
from bed no. 29 displays an increase in Tmax of 5°C, which may be the result of the loss of            
high-molecular hydrocarbons during the extraction.  
 
Tab. 6.1. Organic geochemical bulk parameters from whole-rock samples (A) and from carbonate-free extract 
residues (B). The samples were extracted with CH2Cl2 and subsequently leached with 25% hydrochloric acid. 
 
E-no. Sample Level Carbonate TOC S1 S2 Tmax HI 
  [m] [%] [%] [mg HC/g rock] [°C] [mg HC/g TOC] 
   A A B A B A B A B A B 
49559 I-03/04a 7.47 4.5 0.32 0.31 0.02 0.02 0.18 0.24 427 423 56.3 78.7 
49576 I-09/10 9.04 38.9 0.33 0.44 0.01 0.04 0.36 0.80 432 426 109.1 182.6 
49582 I-12/13 9.46 37.2 0.38 0.48 0.01 0.03 0.35 0.94 431 425 92.1 195.0 
49615 B-29 12.30 38.2 0.61 0.39 0.19 0.06 1.55 1.28 424 429 254.1 324.9 
 
As already shown in the HI/Tmax diagram in Fig. 3.1, the samples from the Fetlika outcrop scatter 
mostly within the type III kerogen field. In the first instance, this would indicate that the 
autochthonous OM is mainly derived from woody and herbaceous material of continental origin. But 
on the other hand it is also possible that the OM originated from marine phytoplankton and/or 
zooplankton (type II kerogen), which was subsequently subjected to oxidation processes, e.g., due to 
weathering (depletion of S2 contents). Furthermore, and already stated above, the mineral matrix of the 
sediments can reduce the hydrocarbon expulsion during pyrolysis.  
 
The mean matrix effect of a sample suite can be corrected by the application of the S2 versus TOC 
diagram, proposed by LANGFORD & BLANC-VALLERON (1990). The TOC values from the Fetlika 
outcrop samples versus their respective S2-yields build up a linear fit with a gradient of 1.86, which is 
equivalent to a mean HI of 186mg HC/g TOC. After the correction of the mean adsorptive capacity 
(0.27mg HC/g rock) by parallel displacement of the linear fit to the origin, all data points of the 
autochthonous OM still indicate a type III kerogen, although the data suite comes close to the 
boundary between type III and type II kerogen (Fig. 6.4). Allowing for the impregnation as well as the 
mineral matrix effects, the Tmax values of the indigenous samples average 432° C (n=35) with a mean 
standard deviation of ±1.6° C (hatched Tmax area in Fig. 6.2). Such Tmax values in combination with PI 
values less than 0.1 indicate immature organic matter that has generated no or only little amounts of 
bitumen (PETERS & MOLDOWAN, 1993). 
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According to the relationship between vitrinite reflectance and Tmax values of type III kerogens 
published by ESPITALIÉ at al. (1984), the thermal maturity of the insoluble OM from the Fetlika 
samples can be roughly (because of the different type of OM) compared to a value of about 0.5% Rr. 
However, apart from the OM type, temperature indices of about 432° C in combination with PI values 
less than about 0.1 point to immature organic matter (PETERS, 1986). 
 
 
Fig. 6.4. S2 versus TOC graph of the autochthonous OM from the Fetlika outcrop samples (after 
LANGFORD & BLANC-VALLERON, 1990). For further explanation see text. 
 
 
Summary – Quantity, type, and thermal maturity of OM   
Anomalously high TOC contents in the lenticular and flaser bedded sandstone sequence as well as in 
the uppermost dolomitic beds of the Fetlika outcrop are caused by oil impregnations. 
Contemporaneously, high HI and PI values of the impregnated horizons point to high molecular-
weight constituents in this crude oil, which affect the thermal indices in the above described manner. 
In contrast, the OM from the lowermost shale sequence and from the silty interbeds of the upper 
calcareous sequence is referred to as indigenous due to the constant Tmax and very low S1 values. 
Additionally, the pyrograms of these samples display symmetrical S2 peaks, whereas the impregnated 
sediments commonly show negative skewed S2 peaks. Both, the “pseudo van Krevelen diagram” and 
the S2 vs. TOC plot point to type III kerogen, although it can not be excluded, based on bulk organic 
geochemical parameters, that the soluble OM is derived from oxidised type II kerogen. A mean Rock-
Eval Tmax value of 432° C (n=35) put the non-impregnated sediments in an immature thermal stage 
(~0.53% Rr according to ESPITALIÉ et al., 1984), so far unknown for the geologic age of the 
investigated strata. 
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6.1.2 Yield and relative composition of soluble organic matter 
As already indicated by the Rock-Eval parameters, the 37 samples selected for solvent extraction 
(Appendix A.11) can be divided into three main groups. The first group is related to oil impregnated 
samples from the lower sandbody (Fig. 6.5, 1.20-5.50m) as well as to the uppermost dolomitic beds 
(black dots between 12.00m and 14.40m) and exhibits a SOM range from 460-25000µg/g rock and 80-
3100mg/g TOC, respectively. The second group generally shows low extract yields ranging from 40 to 
200µg/g rock, which is equivalent to 30-80mg/g TOC. This group can be associated with the 
calcareous upper part of the examined sequence. The third group is mostly composed of shale samples 
from the basal interval (0-1.20m) and shows SOM yields between 200 and 400mg/g rock (100-
200mg/g TOC). In the following, the bulk composition of the sediment extracts as determined by the 
liquid chromatographic fractionation (chapter 2.3.4) will be discussed. It should be pointed out that 
only samples with a recovery between 70% and 95% are considered as reliable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.5. Profiles of soluble organic matter (SOM) yield, expressed in µg/g rock (a) and mg/g 
TOC (b). The beds are marked with small black dots, whereas the interbeds remain unmarked. 
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These samples exhibit in ascending order of their relative proportions the separated organic compound 
classes, according to their polarity and affinity properties: 
 
The low-polarity NSO compounds (i.e. aldehydes, ketones and esters) of the extracts vary between 
27.4% and 62.8% of the total SOM and thus they display the largest portion among the seven 
compound classes. The saturates fraction (aliphatic hydrocarbons) follows with concentrations 
between 5.9% and 32%. High-polarity (i.e. probably complex polyfunctionalized) compounds as well 
as the aromatic hydrocarbon fraction (including the sulphur-aromatic compounds) display more or 
less the same quantities with ranges from 9.6% to 21.8% and from 6.8% to 19.2%, respectively. 
Phenols and alcohols build up the medium-polarity compound class, which varies throughout the 
Fetlika outcrop between 4.2% and 16.4%. Bases and acids show generally the lowest concentrations 
with ranges from 0.8% to 4.3% and from 0.5% to 3.4%, respectively. The sequence related variations 
of the seven different compound classes (Fig. 6.6) document at least for the saturate fraction, 
aromatics and low-polarity compounds a minor shift shortly above 12m, whereas the saturates and the 
aromatics decrease and the low-polarity compounds increase. 
 
Discussion/Interpretation 
According to PETERS & MOLDOWAN (1993), the ratio of extractable bitumen to TOC (transformation 
ratio) in fine-grained non-impregnated rocks generally ranges from near zero in immature sediments to 
about 0.25 (i.e., up to 250mg/g TOC) at peak oil generation. As expected, unrealistic transformation 
ratios have been solely detected in the oil-stained sandbody and in the impregnated dolomite beds in 
the upper part of the section. SOM yields between 900 and 3100mg/g TOC in the sandy lithology 
indicate that the organic carbon consists mainly of high-molecular weight hydrocarbon compounds, 
although the highest SOM yield is significantly overstated (SOM >> TOC), due to the loss of 
hydrocarbons during the sample pretreatment for LECO analyses. Low soluble organic matter yields 
of about 40 to 50mg/g TOC (i.e. Bitumen/TOC = 0.04-0.05) confirm the indigenous character of the 
hydrocarbons, derived from the fine-siliciclastic interbeds of the calcareous sequence.  
 
With the exception of the uppermost part of the section, the indigenous SOM above 7 metre display a 
relatively constant bulk composition of 34.7±6.2% low-polarity NSO compounds, 25.1±4.3% 
saturates, 14.6±4.6% high-polarity NSO compounds, 14.5±2.5% aromatics, 8.0±3.5% medium-
polarity NSO compounds, 1.9±0.8% bases and 1.2±0.9% acids (n=9). Increased amounts of low-
polarity NSO compounds in the upper part of the section indicate the occurrence of non-indigenous 
heavy hydrocarbons, whereas the corresponding decrease of the saturate and aromatic fraction may 
point to a subsequent degradation of the allochthonous hydrocarbons by microbial activity. Various 
bacteria as well as fungi utilise the carbon/hydrogen bond of respective compounds as a source of 
energy in their metabolism and as a consequence, for example hydrocarbons are oxidized successively 
to alcohols, ketones and acids (HUNT, 1995, p. 414).      
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6.1.3 Acyclic alkanes and isoprenoids 
The gas chromatograms of the saturated hydrocarbon fractions (Appendix A.12) generally show        
alkanes with carbon numbers in the range of n-C11 to n-C41, whereby the sum of the determined 
saturate fractions varies from 526µg/g TOC (B25) up to 4422µg/g TOC (B05d). The envelope curves 
of the alkanes display unimodal as well as bimodal distributions with maxima at n-C15 to n-C19 and    
n-C27 to n-C31, respectively (Fig. 6.7a/b). The carbon preference index (CPI), as a measure of odd 
versus even carbon chains in the n-C25 to n-C33 chain-length range (BRAY & EVENS, 1961) displays a 
slightly odd over even predominance with values of about 1.1 to 1.2. The light hydrocarbon preference 
index (LHCPI) ranges from 0.5-3.2, although most of the samples show values greater than 1.0 
(Appendix A.12). This generally indicates a predominance of the light hydrocarbons in the range from 
n-C15 to  n-C19 over the heavier-weight hydrocarbons between n-C27 and n-C31. The acyclic isoprenoid 
hydrocarbon pristane (C19H40) occurs in concentrations between 19.7 and 191.8µg/g TOC, while the 
phytane (C20H42) concentrations are generally two times smaller (12.5 to 79.8µg/g TOC). Figure 6.7 
shows different gas chromatograms of aliphatic hydrocarbon fractions obtained from indigenous (a-b) 
and non-indigenous (c-d) SOM, which were already identified by Rock-Eval pyrolysis. 
 
Discussion/Interpretation 
The composition of the aliphatic hydrocarbon fraction depends on organic source type, thermal 
maturity, expulsion/migration, and biodegradation (PETERS & MOLDOWAN, 1993). In order to reveal 
further information from the indigenous hydrocarbons, it is necessary to eliminate samples showing 
SOM, which was affected by migration and/or degradation processes such as biodegradation and water 
washing. Especially in the upper part of the investigated section, substantial portions of the saturated 
hydrocarbon fraction are represented by an unresolved complex mixture (UCM) or so-called hump 
that rises above the baseline in the gas chromatograms (Fig. 6.7c/d). After KILLOPS and AL-JUBOORI 
(1990) and VOLKMAN et al. (1998), such pronounced humps are mainly produced by biodegradation 
of crude oils. The gas chromatogram of the aliphatic hydrocarbon fraction from the dolomitic siltstone 
bed no. 35 in Figure 6.7c shows a pronounced hump but neither any n-alkanes nor acyclic isoprenoid 
compounds are present. This either indicates an impregnation by highly biodegraded oil or an 
impregnation by non-biodegraded oil, which was subsequently biodegraded.   
An unusual pronounced complex mixture was also observed in the gas chromatogram from the 
dolomitic interbed no. 36/37 (Fig. 6.7d), but in contrast to the above-described siltstone, an alkane 
envelope covers the UCM. The comparison with the in situ generated hydrocarbons in Fig. 6.7b shows 
the same alkane/isoprenoid ratios as well as a similar distribution. Thus, the chromatogram in Fig. 
6.7d reflects most likely a mixture of two different saturate fractions: the non-indigenous oil phase 
(displayed by the UCM) and the indigenous n-alkanes and isoprenoids, which originated in situ from 
the embedded kerogen during burial. However, the chronological order of the migration and 
generation processes is not the subject of this study.    
6 Organic geochemistry (Fetlika outcrop)   
 119 
 
Fi
g.
 6
.7
. E
xe
m
pl
ar
y 
ca
pi
lla
ry
 g
as
 c
hr
om
at
og
ra
m
s o
f s
at
ur
at
e 
hy
dr
oc
ar
bo
n 
fr
ac
tio
ns
 fo
r r
oc
k 
sa
m
pl
es
 fr
om
 th
e 
Fe
tli
ka
 o
ut
cr
op
. S
el
ec
te
d 
al
ka
ne
 p
ea
ks
 a
re
 m
ar
ke
d 
by
 th
ei
r 
ab
br
ev
ia
tio
n 
as
 n
-C
x; 
IS
 =
 In
te
rn
al
 S
ta
nd
ar
d 
(5
α
-a
nd
ro
st
an
e)
; U
C
M
 =
 u
nr
es
ol
ve
d 
co
m
pl
ex
 m
ix
tu
re
. 
6 Organic geochemistry (Fetlika outcrop)   
 120 
The indigenous aliphatic hydrocarbon fractions display throughout the section an increasing trend of 
both, pristane/n-C17 and phytane/n-C18 ratio (Appendix A.12) as well as steadily decreasing LHCPI 
values, indicating a loss off n-C15 to n-C19 alkanes, while the concentrations in the n-C27 to n-C31 range 
fluctuate at least up to 10.30m around an average of about 350µg/g TOC (Fig. 6.8). 
Decreasing amounts of saturated hydrocarbons eluted before n-pentadecane (C15H32) may be caused 
by evaporative losses during weathering or sample preparation. The preferable decline of low 
molecular weight alkanes in the n-C15 to n-C19 range point either to a variation in source input or to 
minor biodegradation phenomena. For example, biodegradation of crude oils results in the successive 
depletion of the alkanes from low to high-molecular weight and then in the degradation of other 
compound classes, including the acyclic isoprenoids pristane and phytane. However, a microbial 
destruction of the aliphatic hydrocarbon fraction generated during an early catagenetic stage as a result 
of the thermal degradation of kerogen seems to be unrealistic due to the fact that the formed 
hydrocarbons are still trapped within the kerogen network (MANN, pers. com., 2004).  
 
 
Fig. 6.8. Concentrations of n-C15 to n-C19 and n-C27 to n-C31 odd alkanes as well as the derived light 
hydrocarbon index (LHCPI) for the upper calcareous part of the Fetlika outcrop.  
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CPIs slightly above 1 generally point to marine OM because any appreciable contribution of land 
plants defines the n-alkane fingerprint, especially in the odd n-C25 to n-C33 range which results in CPI 
values considerably greater than 1 up to about 20 (TISSOT & WELTE, 1984, p. 101-104). Compared 
with land plants, marine plants synthesize smaller odd-carbon chain lengths of n-C15, n-C17, n-C19 and 
n-C21 (HUNT, 1995, p. 66). Thus, the above described decline in the in the n-C15 to n-C19 alkane range 
documents most likely a loss of algal derived OM over the examined sedimentary succession. 
However, rock samples from the Fetlika outcrop, containing indigenous SOM (e.g. I18/19, Fig. 6.7b) 
show bimodal distributions of the n-alkane envelopes with a relatively constant subordinate maximum 
in the n-C25 to n-C33 range. This observation might be a clue for the contribution of small amounts of 
terrestrial plant material, although it is not very diagnostic.  
 
Summary –Acyclic alkanes and isoprenoids 
Soluble organic matter from the Fetlika outcrop exhibit saturated hydrocarbons in the n-C11 to n-C41 
range. The amounts vary strongly between 500 and nearly 4500µg/g TOC. Gas chromatograms of the 
aliphatic hydrocarbon fraction obtained from non-indigenous SOM (according to the Rock-Eval 
results) display a certain portion of an unresolved complex mixture (UCM), which is due to a highly 
biodegraded oil phase. In situ generated aliphatic fractions show no pronounced humps, although 
mixtures of both occur especially in samples from the uppermost part of the section. The loss of 
alkanes in the n-C15 to n-C19 range from the bottom up to the top of the investigated section probably 
indicates a decline in the contribution of algal derived marine OM.   
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6.2 Characterisation of organic matter from the Fetlika-I borehole  
  
6.2.1 Quantity, type, and thermal maturity of organic matter 
The TOC-contents of the core interval between –86.00 and –42.22m, measured on 65 whole-rock 
samples, vary from 0.16 (CFe64, –42.65m) to 1.78w.-% (CFe21, –67.45m) with an average value of 
0.55±0.32w.-%. In comparison to the whole rock data, the carbonate-free calculated values display 
somewhat higher TOC-contents with a variation from 0.37w.-% to 1.90w.-%, whereas the data curve 
shows nearly the same progression (Fig. 6.9).  
The carbonate-free calculated values average with less scatter at 0.75±0.29w.-% TOC. In general, the 
TOC data show three main depth-related intervals. The first one reaches from –86.00m to –69.45m 
(CFe19) in the lower part of the shale sequence. After excluding the calcareous shell accumulations, 
the data reflect a mean TOC value of 0.84±0.10w.-% (n=15).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.9. Variation of whole-rock TOC contents (a) and carbonate-free calculated TOC 
contents (b) of the Fetlika-I core interval between –86.00 and –42.22m depth. The small black 
dots represent the beds whereas the interbeds remain unmarked. 
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The second interval is build up by the samples CFe20, CFe21 and CFe22 from –68.60m to –65.90m. 
This nearly 3m thick interval shows increased TOC contents with an average value of 1.5±0.28w.-%. 
Above –65.90m, the carbonate-free calculated data of the mostly sandy and calcareous sediments 
exhibit TOC contents between 0.16 and 1.53w.-%. Similar to the outcrop data (chapter 6.1), increased 
organic carbon contents in the sandstone body between –58.50m and –53.90m as well as positive TOC 
shifts of about 0.5w.-% in the dolomite beds at the top of the sequence (CFe50, CFe 60) point to oil 
impregnated levels. After excluding those samples with non-indigenous OM, the TOC amounts 
average at 0.34±0.1w.-% (n=37). The organic geochemical log (Fig. 6.10) shows an abnormal Tmax 
variation with values between 416 and 433° C (n=62). The S2 corrected (S2>0.2mg HC/g rock) data 
exhibit hydrogen indices ranging from 66mg to 562mg HC/g TOC. The highest HI-values occur 
contemporaneously with increased S1 and PI values in the sandy lithology and in the dolomite beds 
from the uppermost part of the core interval. Without these extreme values, the hydrogen indices and 
at least the volatile hydrocarbon contents divide the focused interval into a lower and an upper section. 
The lower section reaches from –86m to –65m and displays a mean HI and S1 value of 225±52mg 
HC/g TOC and 0.21±0.08mg HC/g rock (n=23), respectively. The sediments of the upper section 
(n=28) exhibit generally decreased values with an average HI of 155±35mg HC/g TOC and a mean S1 
content of 0.06±0.03mg HC/g rock. In contrast, the proportion of S1 to S2 hydrocarbons (PI) show 
throughout the core interval only minor variations generally around 0.1.   
 
Discussion/Interpretation 
As shown in samples from the outcrop section, high amounts of TOC in samples from the sandstone 
body and from the uppermost dolomitic beds are caused by non-indigenous oil impregnations. 
Therefore, these samples cannot be considered for evaluation of the variation of autochthonous OM. 
The impregnated zones from the upper core interval are consistent with the impregnated zones from 
the outcrop strata (Fig. 6.10), which is due to the same lithological successions with probably similar 
porosity- and permeability properties. The average Tmax value of 430°±2°C (n=48, shaded area in Fig. 
6.10) supports the exceptionally low thermal maturity of the embedded OM, which has been already 
discussed in respect to the outcrop samples. On the base of both, TOC contents and hydrogen indices, 
the studied core interval can be divided into two main depth-related intervals whose sediments exhibit 
two different types of organic matter. If the organic geochemical bulk data from the upper part of the 
core section are plotted in the S2/TOC chart, they point despite the matrix correction still as a type III 
kerogen (Fig. 6.11b). In contrast to that, the samples from the lower part strongly indicate a type II 
kerogen after a mineral matrix correction of 0.37mg HC/g rock (Fig. 6.11a). With respect to the 
increased clay mineral contents in samples from the lower part (Fig. 5.27, Fig. 5.28), the matrix effect 
is five times higher as in samples from the upper part. The different successions are separated by a 
nearly 3m thick interval between –68.60m to –65.90m, which constitute a notable TOC excursion as 
well as slightly increased HI and S1 values. 
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Fig. 6.11. S2 vs. TOC charts after LANGFORD & BLANC-VALLERON (1990) for the upper (–42m to 
–65m, a) and lower (–65m to –86m, b) Fetlika-I core intervals 
 
 
Summary – Quantity, type, and thermal maturity of OM 
On the base of the geochemical bulk data, the investigated core interval can be subdivided into 
two successions ranging from –42 to –65m depth (upper part) and –65 to –86m depth (lower part) 
which are differentiated by the quantity  (0.84w.-% TOC in the lower part / 0.34w.-% TOC in the 
upper part) as well as the quality (type II kerogen in the lower part / type III kerogen in the upper 
part) of OM. Similar to the outcrop situation, samples with indigenous OM exhibit Tmax values of 
about 430°C, indicating a immature thermal stage.  
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6.2.2 Yield and relative composition of soluble organic matter 
The SOM yield of altogether 18 samples from the Fetlika-I core interval (Appendix B.8) varies 
between 126 and 6386µg/g rock, whereas the TOC normalised values display a range from 52 to 
1022mg SOM/g TOC. The variation of SOM per gram rock versus depth (Fig. 6.12a) reflects three 
main positive excursions at about –67m (CFe21), –55m (CFe33) and –48m depth (CFe50), but in 
dependence to the TOC concentrations, the lowermost excursion vanishes almost completely (Fig. 
6.12b). As already stated before in chapter 6.1.2, the increased SOM contents from the samples CFe33 
and CFe50 are caused by nonindigenous OM.  
According to the sample strategy that aims at the unimpregnated fine siliciclastic intercalations as well 
as to the lowermost shale strata, the average SOM content of nearly 80mg/g TOC shows only minor 
fluctuations throughout the whole core interval.   
 
 
Fig. 6.12. Depth related variation of soluble organic matter from samples of the studied 
Fetlika-I core interval, expressed as µg/g rock (a) and mg/g TOC (b) 
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Also the relative contents of different compound classes of the sediment extracts generally display 
only slight variations throughout the core interval (Fig. 6.13). Similar to the outcrop data, the low-
polarity NSO compounds dominate the SOM fraction with values between 23.3% and 35.3%. 
Aliphatic hydrocarbons vary in a range from 12.8% to 27.8%, followed by the aromatic compound 
class, which displays relative amounts between 11.9% and 24.5%. In general, the portions of the high-
polarity compounds (10.1%-7.5%) are comparable to those of the medium-polarity compounds (5.0%-
9.9%), although the former one shows a larger span between the extreme values. Bases and acids 
contain the least SOM compounds with contents between 0.9%-2.8% and 0.5%-3.1%, respectively. 
The value-ranges result in the following average contents, given in ascending order: 30.1±3.7% low 
polars, 22.9±2.7% saturates, 19.9±3.7% aromatics, 16.0±4.1% high polars, 7.6±1.4% medium polars, 
2.1±0.5% bases and 1.3±0.7% acids.  
 
Discussion/Interpretation 
Only two samples among the extracted sediments from the Fetlika-I core interval exhibit 
nonindigenous OM, which led to an elevated Bitumen/TOC range between 0.07 and 1.0 (i.e. 70 to 
1000mg/g TOC (CFe33 and CFe50 in Fig. 6.12), indicating heavy hydrocarbon compounds. 
Maximum indigenous SOM yields of about 1000µg/g rock in the shale sequence between –69 and      
–65m are primarily caused by the elevated synsedimentary accumulation of OM (see chapter 6.2.4, 
Organic matter source). Therefore, the TOC normalised SOM contents of these sediments fit to the 
overall value of about 80mg/g TOC, which is nearly two times higher than the mean SOM yield of the 
Fetlika outcrop samples. 
 
The relative distribution of the different SOM compound classes is equivalent to that from the Fetlika 
outcrop. WILKES et al. (1998) concluded in their study, that the bulk composition of rock extracts 
depends on the thermal maturity. Acids, bases and high-polars systematically decrease with increasing 
maturity while the saturates behave in the opposite way. From a thermal maturity stage of 0.53% to 
0.73% Rr, the low polars dominate the compound fractions, whereas somewhat above 0.73% up to 
1.45% Rr the saturates being the most abundant fraction.  
A comparison between the relative bulk distribution of SOM compound classes from the S/D 
sedimentary sequences of the Hazro area and a Posidonia Shale (Toarcian) maturity sequence, based 
on four different locations, from the Hils Syncline of northwest Germany (WILKES et al., 1998) 
indicate for the organic matter from the Fetlika deposits a thermal stage between 0.53% and 0.68% Rr, 
whereby the Tmax values of 432±3°C (Fetlika outcrop) and 430±2°C (Fetlika-I borehole) are equivalent 
to 0.53% Rr (Fig. 6.14). Slightly increased low-polarity compounds and at least a decreased saturate 
fraction of the SOM from Fetlika outcrop samples point therefore to an initial stage of biodegradation 
(see chapter 6.1.2, Discussion/Interpretation).  
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Fig. 6.14. Relative bulk composition of SOM from a Posidonia Shale (Toarcian) maturity sequence from
the Hils Syncline of northwest Germany (left hand side) adopted from WILKES et al. (1998) and from the
S/D sediments of the Hazro area (right hand side). The distribution of the SOM compound classes as well
as the Tmax values put the organic matter from the Fetlika deposits into a low thermal stage comparable to
somewhat above 0.53% Rr.  
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6.2.3 Acyclic normal alkanes and isoprenoids 
In comparison to the Fetlika outcrop samples, the saturated hydrocarbon fractions from rocks of the 
studied core interval vary in nearly the same range from n-C11 to n-C41, whereas most of the core 
samples show a unimodal front-end loaded alkane envelope. The sum of detected alkanes normalised 
to TOC generally varies from 2200µg/g TOC (CFe54, –47.10m) to 5000µg/g TOC (CFe19, –69.45m) 
while an anomalous value of about 12200µg/g TOC occurs in the impregnated uppermost part of the 
core interval at –42.65m (Appendix B.9). Also similar to the Fetlika outcrop samples, the odd-over-
even predominance of n-C25 to n-C33 alkanes is not very pronounced, as revealed by CPI values in the 
range of 1.1-1.2 (Appendix B.9). LHCPI values between 1.4 and 4.7 indicate a clear predominance of 
the light alkanes over those of the high molecular weight range. The isoprenoid pristane (108.6 to 
297.1µg/g TOC) is typically more abundant than phytane (44.1 and 142.1µg/g TOC). 
 
 
Fig. 6.15. Capillary gas chromatograms of saturate hydrocarbon fractions for rock samples from the 
Fetlika-I borehole show in the upper part an inflection point in the n-alkane envelopes (a), whereas 
samples from the lower part display unimodal distributed n-alkane envelopes (b). Selected alkane 
peaks are partially marked by their abbreviations n-Cx; IS = Internal Standard (5α-androstane) 
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Similar to the total alkane yields, both isoprenoid hydrocarbons show anomalous values of 616.1µg/g 
TOC (pristane) and 257.7µg/g TOC (phytane) at –47.10m. Unresolved complex mixtures are observed 
in the saturated fractions of the samples above 59.75m (CFe30). 
 
Discussion/Interpretation 
Sometimes, front-end loaded envelope curves in capillary gas chromatograms of the saturate 
hydrocarbon fraction point to minor oil impregnation because crude oils are typically enriched in 
lighter alkanes (e.g. CURIALE & BROMLEY, 1996). However, several arguments as, for example, the 
exceptionally low maturity of the sediments, a production index < 0.1 and an average bitumen/TOC 
ratio of 0.08 (i.e. 80mg/g TOC) contradict that assumption. More likely, the observed predominance of 
the lighter alkanes of the autochthonous SOM from shales and siltstones arises from substantial 
synsedimentary contributions of marine bacteria and planktonic and/or benthic algae to the deposited 
biomass. Capillary gas chromatograms of the upper part of the Fetlika-I core interval are comparable 
to those from the calcareous part of the Fetlika outcrop. Both showing a bimodal or at least an 
inflection point in the alkane envelope with, more or less developed, maxima at n-C15 to n-C19 and     
n-C27 to n-C31. As already stated for the outcrop samples, the subordinate second maxima in the high-
molecular weight alkane range (Fig. 6.15, 6.7) may reflect the contribution of a terrestrial plant input.  
 
The isoprenoid/alkane ratios pristane/n-C17 and phytane/n-C18 show covariant curve progressions 
throughout the investigated interval (Fig. 6.16a). Both ratios vary in the lower shaly part in a range of 
0.3-0.6 and 0.6-1.1 respectively, whereas a distinct increasing trend commences shortly above the 
allochem limestone/shale sequence at –52m and continues nearly up to the top of the calcareous 
siltstone/silty carbonate sequence at –46m. These upward increasing isoprenoid ratios and the 
corresponding loss of hydrocarbons in the low-molecular weight alkane range (reflected by decreasing 
LHCPI values in Fig. 6.16b) are probably caused by a steady decrease of algal OM.  
 
Pristane/n-C17 and phytane/n-C18 ratios are generally used for crude oils and rock extracts to attain 
information about maturation and biodegradation as well as the source of SOM (HUNT, 1993, p.541). 
These ratios tend to decrease with thermal maturation and increase with biodegradation. Furthermore, 
the ratio of pristane to phytane tends to be high in more oxidising environments and low in strongly 
reducing environments (DIDYK et al., 1978). The discussion about the pristane/phytane ratio as 
indicator of the oxicity of a depositional environment started early in the sixties of the last century 
(TEN HAVEN et al., 1987 and references cited therein) and is still under debate. DIDYK et al. (1978) 
concluded in their study that both, pristane and phytane originate from the oxidation or reduction of 
the phytol side chain of phytoplankton chlorophyll during deposition and in the upper few centimetres 
of the bottom sediments so that the oxygen concentration in the depositional environment mainly 
controls the distribution of pristane and phytane in the sediment (Fig. 6.17).  
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Doubts about this interpretation came up by the publications of GOOSSENS et al. (1984) and RISATTI et 
al. (1984) who found additional sources for pristane (from tocopherols, i.e. E vitamins which are 
relatively abundant in photosynthetic organisms) and phytane (from archeabacterial lipids), 
respectively. More recently (e.g. TEN HAVEN et al., 1987; HUGHES et al., 1995), low pristane to 
phytane ratios seem to correlate either with hypersalinity in the water column or with anoxic 
conditions at normal salinity. Therefore, in the absence of hypersalinity indicators such as 
gammacerane (PETERS & MOLDOWAN, 1993) the relative proportions of pristane and phytane have 
been used in many studies to reconstruct the redox conditions prevailing at the time of sediment 
deposition (e.g. MOLDOWAN et al., 1985; HUGHES et al., 1995; MARYNOWSKI et al., 2000; FLECK et 
al., 2002). 
 
 
 
Fig. 6.16. Ratios of pristane/n-C17 and phytane/n-C18 (a), and the light hydrogen preference index 
(LHCPI), defined as n-C15 + n-C17 + n-C19 / n-C27 + n-C29 + n-C31 (b) versus depth 
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Fig. 6.17. The phytol diagenesis under oxidising or reducing bottom water conditions results in the origin of 
pristane (C19H40) and phytane (C20H42), respectively. 
 
A bivariate plot of pristane/n-C17 versus phytane/n-C18 from similar SOM, indicating the same thermal 
maturity in combination with a depositional model (PETERS et al., 2000) may provide additional 
information about the oxygen concentrations (HUNT, p. 542, 1993). Figure 6.18 shows the relationship 
of pristane/n-C17 versus phytane/n-C18 for indigenous rock extracts from the Fetlika outcrop as well as 
from the Fetlika-I core interval. In accordance to the S2 versus TOC graphs (Fig. 6.4 and Fig. 6.11), 
both data sets indicate for the upper calcareous sequence a type III kerogen, whereas the examined 
samples from the lower shale sequence of the Fetlika-I core point rather to a mixture of marine type II 
and terrigenous type III kerogen. It should be mentioned that the SOM from the S/D Fetlika sequences 
is only similar to the kerogen type III, because of the investigated period and thus the absence of 
sufficient amounts of terrestrial higher plant material. In comparison to the inorganic geochemical 
redox parameters (chapter 5.2.3) which indicate throughout the whole investigated core interval 
oxygenated bottom water conditions, pristane/n-C17 versus phytane/n-C18 ratios from the lower shale 
sequence (about –81m to –65m) point to a relative oxygen depletion (grey coloured sphere in Fig. 
6.18), although the data points are still situated in the oxidising zone.  
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Fig. 6.18. Cross plot diagram of pristane/n-C17 vs. phytane/n-C18 (adopted from PETERS et al., 2000) for 
Fetlika outcrop- and Fetlika-I borehole samples suggest that the analysed bitumen originated mainly from 
OM related to type III. Fetlika-I core extracts from the lower shale sequence indicate the contribution of 
another OM type comparable to type II kerogen. 
 
 
 
 
 
Summary – Acyclic normal alkanes and isoprenoids 
Similar to the results which have been attained from the Rock-Eval bulk parameters, the saturated 
hydrocarbon fractions from the Fetlika-I core samples show at least two different depth related 
intervals. The lower shale sequence (i.e. samples from –81.00 to –65.00m) show front-end loaded 
alkane distributions. The maximum in the light alkane range solely points to the contribution of marine 
OM, derived for example from algae or zooplankton. In comparison to the above following sequence, 
the isoprenoid/alkane ratios indicate a mixed type II/III OM that was deposited under more oxygen 
depleted conditions. The SOM fractions from the upper calcareous sequence (i.e. shortly above –52m 
up to the top of the core interval) are comparable to those from the Fetlika outcrop and thus they often 
show bimodal distributions or at least distributions with a maximum at the n-C15 to n-C19 and an 
inflection point in the n-C27 to n-C31 odd n-alkane range, respectively. Isoprenoid/alkane ratios for 
both, core and outcrop samples reflect for the upper interval the deposition of a type III related 
kerogen in an overall oxygenated environment.     
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6.2.4 Cyclic alkanes (tri-, tetra-, pentacyclic triterpanes and steranes) 
Both, outcrop and core samples exhibit similar triterpenoid and steroid hydrocarbon compounds in 
various proportions. However, the Fetlika outcrop samples generally exhibit indigenous soluble 
organic matter concentrations often below 100mg/g rock (Fig. 6.5). Subsequent low concentrations of 
cyclic alkanes cause partly imprecise quantifiable fragment ion spectra. Therefore, the following 
results and discussions base on the aliphatic hydrocarbon fraction from the core samples in order to 
avoid false conclusions due to weathering effects causing the alteration of the embedded organic 
matter (e.g. PETERS & MOLDOWAN, 1993). 
 
The cyclic alkanes from both Fetlika sequences have been analysed by GC-MS (chapter 2.3.6). The 
resulting mass fragmentograms for the key fragment m/z 217 display abundant regular steranes 
(cholestanes, C27; ergostanes, C28; stigmastanes, C29) with a general carbon number predominance of 
C29 > C27 > C28 (upper part of Fig. 6.19), whereby the quantitative relationship of the sterane 
homologues is about 50:30:20 (Appendixes A.13, B.12). C30 steranes (propylcholestanes), indicative 
of marine depositional environments (MOLDOWAN, 1984; MOLDOWAN et al., 1985), are present in 
small but significant amounts while gammacerane – a specific C30-triterpane that often occurs in 
sediments of hypersaline marine environments due to a significant water column stratification 
(SINNINGHE DAMSTÉ et al., 1995) was not detected. The diasterane portions in the lower part of the 
core interval are initially similar to the regular steranes, but increase upward with increasing carbonate 
contents up to diasterane/sterane ratios of about 2 (Appendix B.12).  
 
The triterpenoid hydrocarbons (key fragment m/z 191) from the Fetlika extracts (see Appendix B.11 
for chemical structures) are commonly dominated by C30-17α(H),21β(H)-hopane followed by notable 
amounts of C29-17α(H),21β(H)-30-norhopane and a regular sloping stair-step progression of the C31 to 
C35-17α(H),21β(H) homohopane series (lower part of Fig. 6.19, Fig. 6.20). C29-18α(H)-30-
norneohopane and C*30-14α(H)-diahopane occur in somewhat smaller amounts throughout the 
sedimentary sequence. In all investigated aliphatic fractions, C27-18α(H),22,29,30-trinorneohopane 
(Ts) dominates in various amounts over C27-17α(H),22,29,30-trinorhopane (Tm). The C20 to C29-
tricyclic terpanes (cheilanthanes) as well as a C24-tetracyclic terpane are partially quantifiable in the 
m/z 191 fingerprints of the samples, but in comparison to the hopanes they are distinctly subordinated.  
 
Discussion/Interpretation 
Oil soluble lipid-like substances such as terpenoids and steroids have structures, which suggest that 
they are derived from the addition of isoprene units (“Isoprene Rule”). The triterpenoid hydrocarbons 
are defined by six of such isoprene subunits (C5)n=6. Steroids contain fewer carbon atoms than their 
parent class of terpenoids and thus a non-integral number of isoprene units (PETERS & MOLDOWAN, 
1993).  
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All triterpenoids, either tetracyclic or pentacyclic, are originally derived from the acyclic isoprenoid 
squalene (C30H50), which is widely distributed in living organisms (KILLOPS & KILLOPS, 1993). 
Among the pentacyclic triterpenoids, the hopanoid series (5-membered E-Ring) is believed to 
originate from bacteriohopanetetrol (Fig. 6.20), which controls the fluidity in prokaryotic (bacterial) 
cell membranes (OURISSON et al., 1984). The biochemical modification of tetracyclic triterpenoids 
(e.g. the loss of methyl groups and the modification of functional groups as well reduction and 
oxidation processes) results in the formation of the steroids, consisting of three (A, B, C) 6-membered 
rings and one (D)    5-membered ring. Steroids are found throughout the plant and animal kingdom as 
hormonal regulators of growth, respiration and reproduction, although they are rare in prokaryotic 
organisms (TISSOT & WELTE, 1984, p. 40-41 and p. 118 and references cited therein).  
 
During early diagenesis (i.e. sediment consolidation under shallow burial, accompanied by a slow 
temperature rise) the previous biogenic precursors undergo a series of complex transformations, which 
are mainly caused by anaerobic microbial activity (KILLOPS & KILLOPS, p. 176, 1993). Thus, double 
bonds and the hydroxyl group of the precursor steroid and triterpenoid molecules are subsequently 
hydrogenated (reduced), dehydrated and again hydrogenated to produce the saturated-hydrocarbon 
biomarkers (e.g. WAPLES & MACHIHARA, 1991). During catagenesis (i.e. further burial and thus 
increasing temperatures from about 50 to 150°C) the “biologically inherited” stereochemistry of the 
sterane and hopane precursors [14α(H),17α(H)20R and 17β(H),21β(H)22R] changes to certain time 
and/or temperature induced “geological” arrangements [αα(20S+20R)-steranes, ββ(20S+20R)-steranes 
and βα(22R)-moretane, αβ(22S+22R)-hopanes], due to the thermodynamically and/or kinetically 
unstable structures of the precursors (PETERS & MOLDOWAN, 1993). Figure 6.20 illustrates the 
diagenetic/catagenetic conversation of bacteriohopanetetrol (found in prokaryotic organisms) and a 
typical sterol (mostly found in lipid membranes of eukaryotic organisms) to the “chemofossils” 
hopane and sterane, respectively.   
 
Assuming no secondary influences by migration/impregnation of non-indigenous SOM, the variation 
of “chemofossils” or “biomarkers” (i.e. complex molecular fossils derived from once living 
organisms, PETERS & MOLDOWAN, 1993) throughout the sedimentary sequences reflect source input 
of OM and depositional conditions. Besides the understanding of the sedimentary processes occurring 
during deposition, the interpretation of biomarkers in the sense of palaeo-environmental changes 
requires the evaluation of the thermal maturity. As described in the chapters 6.1 and 6.2 the thermal 
maturity of the OM is equivalent to a vitrinite reflectance of about 0.53%. The distribution of the 
terpane and sterane biomarkers from the SOM extracts of the Fetlika-I borehole confirm the low 
thermal maturity of OM derived from Tmax data and the distribution of SOM compound classes 
(Appendix B.12). The isomerisation ratios of C29 steranes, 20S/(20S+20R) and αββ/(ααα+αββ) are in 
the range of 0.25-0.40 (0 = 0.32 ± 0.04) and 0.22-0.57 (0 = 0.30 ± 0.09), respectively. 
 
6 Organic geochemistry (Fetlika-I core)   
 138 
 
 
Fig. 6.20. The origin of biomarkers is exemplified by the conversation of typical biological precursors sterol and 
bacteriohopanetetrol to the “chemofossils” sterane and hopane, respectively (adopted from PETERS & 
MOLDOWAN, 1993). During burial, the important isomerisation centres are C-12, C-17, C-20 (steranes) and at  
C-17, C-21 and C-22 (hopanes). 
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Furthermore, isomerisation ratios of C32 22S/(22S+22R) homohopanes between 0.50 and 0.56 (0 = 
0.53 ± 0.02) as well as low Ts/(Ts + Tm) ratios ranging from 0.26 to 0.56 (0 = 0.40 ± 0.10) are, for 
example, comparable to those from the immature (%Rr near 0.5) sediments of the Middle Devonian 
Keg River Formation in the La Crete Basin/Western Canada (CLEGG et al., 1997), although the latter 
ratio is known to be affected by lithology (PETERS & MOLDOWAN, 1993).      
 
Biomarkers can provide valuable information about the source organic matter input and the paleo-
depositional conditions because they are derived from biological precursor molecules in specific 
organisms, living under certain environmental circumstances. The molecular analysis of the saturated 
hydrocarbon fraction (i.e. triterpanes and steranes) yields supplementary as well as new information 
concerning the evolution of marine biota during deposition and related redox conditions.  
 
Organic matter source 
Since the work of HUANG and MEINSCHEIN (1979), the relative proportions of the regular C27-C29 
5α(H), 14α(H) and 17α(H)-steranes have been often used in literature to distinguish between different 
depositional environments. Precursors of stigmastanes (C29) were believed to originate from vascular 
plants and sterols with a cholestane skeleton (C27) have been predominantly found in marine plankton, 
whereas precursors of ergostanes (C28) seemed to originate from both sources, marine and terrestrial 
(HUANG & MEINSCHEIN, 1979). However, it has been shown that for example algae or cyanobacteria 
can also synthesize C29 sterols (VOLKMAN, 1986; VOLKMAN et al., 1998). Furthermore, GRANTHAM 
and WAKEFIELD (1988) observed in their study about variations in the sterane carbon number 
distributions of marine source rock derived crude oils through geological time a distinct increasing 
trend in C28 steranes while C29 steranes decreased. They concluded that the increase in C28-steranes 
reflects the evolution and thus an increasing diversification of phytoplanktonic assemblages through 
time and further, that the C29-sterane predominance in Lower Paleozoic and older oils [C28/(C28+C29) < 
0.5] is closely related to the occurrence of green algae (chlorophyta) and cyanobacteria. As a 
consequence, the relative variation in the sterane carbon number distributions from bitumens of the 
Fetlika sequences cannot be utilised to distinguish between marine and terrestrial organic matter input, 
but however, it can be expected that the quantitative relationship of sterane isomers (C27, C28, C29) 
varies considerably, if there is any prominent change in the composition of the marine organic facies 
(WAPLES & MACHIHARA, 1991). As shown in Fig. 6.21, the C27, C28 and C29 regular sterane 
distributions (n=17, Appendix B.12) are similar in the indigenous bitumens from the Fetlika-I core 
interval and thus they are indicating a uniform type of eukaryotic (algal) organisms and cyanobacteria 
contributing to the marine biomass. Although PETERS and MOLDOWAN (1993) disbelieved the above 
implied age relationship between the relative contents of C28 and C29 steranes, the [C28/(C28+C29)] 
ratios for S/D Fetlika samples vary from 0.20 to 0.31 (0=0.25±0.03) and hence they confirm the 
assumptions for Lower Paleozoic sedimentary rocks made by GRANTHAM and WACKEFIELD (1988).   
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Fig. 6.21. Triangular diagram showing relative proportions of C27, C28, and C29 
regular steranes from indigenous bitumens of the investigated Fetlika-I core interval 
 
In accordance with the detected molecular fossils and with microscopic observations (Appendix B.13), 
the main sources of OM in Late Silurian/Early Devonian sedimentary rocks from the Fetlika 
sequences are probably phytoplankton and bacteria. Although vascular plants are already present 
during that time interval (chapter 1.4.4), their contribution to the total amount of preserved OM is still 
marginal due to the early evolutional stage.  
 
The relative contribution of algae (including cyanobacteria) and bacteria (sensu strictu) biomass in 
sediments can be evaluated by the ratio of steranes vs. hopanes due to their origin from sterol and 
bacteriohopanetetrol precursors, respectively (e.g. OBERMAJER et al., 1997; MARYNOWSKI et al., 
2000; JIANG et al., 2001; FLECK et al., 2002). The ratio is based on the regular steranes [C27, C28, C29 
ααα (20S + 20R) and αββ (20S + 20R)] and the 17α(H)-hopanes, which consist of the C29 to C33 
pseudohomologs (PETERS & MOLDOWAN, 1993). In general the samples from the Fetlika sequences 
show sterane/hopane ratios ≤ 1, indicating the predominance of bacterial derived OM (Appendix 
B.12). However, the depth-related variation of the sterane/hopane ratio divides the investigated core 
interval into two sections (Fig. 6.22). Bitumens from rock samples of the lower part between –86 and 
–65m display a slightly increasing sterane/hopane ratio from 0.54 to 0.74, although sample CFe22 at  
–65.90m near the top of the interval indicates equal portions of steranes and hopanes. The section 
above –65m up to the top of the sequence is characterised by comparatively low ratios displaying a 
steadily decreasing trend from 0.41 to 0.19.  
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The elevated sterane/hopane ratios in the interval between –69m and –65m coincide with the 
accumulation of abundant fossil thick-walled and pore-bearing prasinophyte phycomata (i.e. the 
nonmotile stage of primitive marine green algae) of the genus Tasmanites on the bedding planes, 
which have been observed by scanning electron microscope analyses. As shown in Fig. 6.22, the 
enhanced accumulation of algal OM is situated at the top of the shale sequence. Shortly above this 
lithofacies zone follows a transitional interval, which has been defined macroscopically by increasing 
bioturbation traces and thus by increasing activity of benthic organisms (Fig. 5.23). It seems that 
decreasing sterane/hopane ratios above –65m are closely linked with the increasing endobenthic 
activity, which may have favoured the development of aerobic bacteria (FLECK et al., 2002). 
 
 
Fig. 6.22. The relative variation of preserved algal and bacterial organic matter from the Fetlika-I core 
interval indicates a maximum of algal input between –69 and –65m depths. Scanning electron micrographs 
from this interval display abundant prasinophyte phycomata (Tasmanites), accumulating on the bedding 
planes (Photomicrograph courtesy of Turkiye Petrolleri A.O., Research Centre, Ankara).  
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An overall positive correlation (r2=0.64, n=15) between the relative variation of hopanes and 
manganese concentrations (Appendix B.5, B.12) approves this assumption (Fig. 6.23). If enough OM 
is embedded in the sediment of an oxic environment the redox potential will change soon during early 
diagenesis (i.e. in some decimetres below the sediment-water interface) due to the activity of aerobic 
bacteria (BERNER, 1981). It has been already mentioned in chapter 5.2.3 that microbial sulphate 
reduction was hindered by the low to moderates amounts of TOC (DOP<1), provided that normal 
seawater generally contains enough sulphate. Therefore, if aerobic bacteria have consumed all 
dissolved oxygen, further decomposition of OM takes place by the reduction of nitrate, manganese and 
iron (TUCKER, 1991, p. 184). As a result, relatively high hopane portions, indicating increased 
contributions of bacteria biomass show also relatively high concentrations of manganese in the 
sedimentary rocks, whereas low amounts of hopanes correlate with low concentration of manganese. 
 
 
 
Fig. 6.23. Bivariate plot between the ratio of hopanes/(hopanes + steranes) and the relative 
concentrations of embedded manganese 
 
High concentrations of Tasmanites in sedimentary rocks are generally rare, although they have been 
reported from several locations and periods as for example from Tasmania (Permian), Alaska (Late 
Jurassic/Early Cretaceous), and from Devonian sedimentary sequences in Brazil (AQUINO NETO et al., 
1992). Among these locations, the tasmanite oil shale from Tasmania, Australia is by far the most 
studied and thus the best-known example. Many authors have described the kerogen (PHILP et al., 
1982; REVILL et al., 1994; GREENWOOD et al., 2000) as well as the bitumen (AQUINO NETO et al., 
1992; AZEVEDO et al., 1998, 2001), which is associated with the algal microfossils.  
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According to these authors, the most prominent geochemical characteristic of Tasmanites and related 
SOM is a high content of the tricyclic terpenoid series (often referred to as 13β(H),14α(H)-
cheilanthanes, Appendix B.11), which can extend from C19 to at least C45 in the m/z 191 mass 
chromatograms (MOLDOWAN et al., 1983). The more recent study from GREENWOOD et al. (2000) has 
been proved the thitherto-assumed direct link between Tasmanites and tricyclic terpanes by laser 
micropyrolysis GC-MS of individual phycomata. At least for the tasmanite oil shales, they concluded 
that the abundant tricyclic terpenoid hydrocarbons originate during catagenesis from the Tasmanites 
algae. The tricyclic terpenoid hydrocarbons observed from the aliphatic fractions of the Fetlika-I 
samples consists of a series ranging from C20 to C29 (Fig. 6.19, Appendix B.10). Contrary to several 
tasmanite extracts investigated by AQUINO NETO et al. (1992), which are all characterised by a high 
abundance of tricyclic terpanes over steranes and hopanes, the Fetlika tasmanite-rich bitumens display 
rather subordinated amounts of tricyclic terpanes but larger quantities of steranes and hopanes. This 
observation is not surprising, because the typical tasmanite oil shales invariably consist of tasmanites 
phycomata with a total organic carbon content between 10 and 30% (AQUINO NETO et al., 1992). 
Although the tasmanite-rich samples from the Fetlika-I core exhibit the highest TOC contents of the 
investigated sequence (0.9-1.8% TOC), neither the amounts of organic carbon nor the concentration of 
tasmanite phycomata in the sediment can be compared with a standard tasmanite oil shale. Relatively 
high amounts of hopanes and steranes are probably due to the cooccurrence of various prokaryotic and 
eukaryotic organisms. Thus, the maximum sterane/hopane ratios between –69m and –65m (Fig. 6.22) 
cannot be directly associated with the observed abundance of Tasmanites within this interval. 
However, molecular results expressed as elevated ratios of C28 and C29 (22S+22R)-tricyclic terpanes to 
the 17α(H)-hopane series, which have been described by PETERS & MOLDOWAN (1993) as source 
parameters for algal (Tasmanites) lipids versus prokaryotic species indicate a prevalently appearance 
of tasmanite phycomata at the above described interval as well as in the upper part of the investigated 
sequence between –47.10m and –42.65m depth (Appendix B.12). 
 
Tetracyclic terpanes in ancient sediments are clearly related to the pentacyclic hopanoids of microbial 
origin (AQUINO NETO et al., 1983). Among the tetracyclic terpane series, which probably ranges from 
C24 to C35 homologs in the mass fragmentograms of the key fragment m/z 191, the C24-tetracyclic 
terpane (Appendix B.11) is by far the most predominant (PETERS & MOLDOWAN, 1993). Beside their 
origin from hopanes or precursor hopanoids the tetracyclic terpanes are believed to be a marker for 
carbonate and evaporative depositional environments (CONNAN et al., 1986). Several samples from the 
Fetlika-I borehole display traceable amounts of the C24-tetracyclic terpane compound (Fig. 6.19, 
Appendix B.12). According to the low carbonate content of the investigated samples, this compound is 
more likely linked to the hopanoids, although there is no obvious correlation.   
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Paleoenvironmental indicators 
An indicative biomarker for the redox potential during and immediately after deposition of OM in 
ancient marine environments is the C35-homohopane index, i.e. the ratio of C35/(C31 to C35)-
homohopanes with 17α(H),21β(H) (22S+22R) configurations (PETERS & MOLDOWAN, 1993). The 
homohopane series (hopanes with 30 to 35 carbon atoms) is characterised by an increasing number of 
methylene (CH2)-groups on the side chain of the respective parent molecule. Within the homohopane 
series, pentahomohopane (C35) shows the most similarity to the precursor molecule C35-
bacteriohopanetetrol, although the biological configuration [ββ(22R)] has already changed due to 
isomerisation. Under anoxic conditions this molecular structure will preserve during deposition 
whereas in oxygenated waters the length of the side chain and thus the carbon number will be reduced 
steadily to originate more lower molecular-weight homohopanes. As a consequence, a low 
homohopane ratio (expressed as a percentage) indicates oxidising depositional conditions. 
 
The aliphatic SOM fractions from the Fetlika-I borehole exhibit relatively high pristane to phytane 
ratios ranging from 1.9 to 2.8 (Appendix B.9) and low homohopane index values between 2.8 and 4.5 
(Appendix B.12), indicating overall oxic conditions. A bivariate plot of these two biomarker ratios 
(FLECK et al., 2002) provides the expected negative correlation (Fig. 6.24). Although both ratios 
generally reflect oxic conditions, the data suite displays two depth-related areas which indicate more 
oxygen-depleted depositional conditions in the lower part of the investigated core interval (below       
–65m), relatively to its upper part (above –65m).  
 
 
Fig. 6.24. Cross plot diagram of homohopane index versus pristane/phytane ratio divides the sample suite 
into two segments, indicating somewhat different depositional redox conditions.  
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This result corresponds with the pristane/n-C17 to phytane/n-C18 relationship previously discussed in 
chapter 6.2.3. The misfit values of sample CFe1 from –85.1m probably indicate the end of a more 
oxygenated succession that exists below the investigated core section. In comparison to the redox 
sensitive trace elements (chapter 5.2.3), which are entirely controlled by the detrital input due to the 
prevailing oxic conditions, the results from the biomarker analyses seem to be more sensitive within 
such an environment and thus, they still can be used to differentiate between more or less oxygenated 
depositional conditions.     
 
Summary – Cyclic alkanes (tri-, tetra, pentacyclic triterpanes and steranes) 
The polycyclic alkanes from the Fetlika-I borehole consist mainly of regular as well as rearranged 
steranes and various triterpenoid hydrocarbons. The comparison of several biomarker maturation 
parameters (i.e. hopane and sterane isomerisation ratios) with maturity data from similar deposits 
substantiate the before assumed low thermal maturity of the organic matter derived from the Fetlika 
samples.  
 
Steranes and hopanes are the diagenetic/catagenetic products of the biological precursor molecules 
sterol and bacteriohopanetetrol, indicating a eukaryotic (e.g. algal) and prokaryotic (bacterial, sensu 
strictu) origin. The predominance of C29-steranes among the C27, C28 and C29 regular steranes is a 
typical feature of bitumens from Lower Paleozoic sedimentary rocks and does not point to a terrestrial 
vascular plant contribution but rather to the occurrence of eukaryotic (probably algal) species and/or 
cyanobacteria (blue-green algae). Furthermore, the relative uniform distributions among the regular 
steranes reflect no distinct change in the composition of the marine organic facies throughout the 
investigated interval. 
 
The relative contribution of algae (including cyanobacteria) and bacteria (sensu strictu) biomass in 
ancient sediments as reflected by the sterane/17α(H)-hopane ratio divides the core sequences into two 
major intervals. The lower part of the core between –86m and –65m depth is characterised by 
comparatively higher contents of algal OM, whereas the upper part above –65 up to –42m depth is 
clearly dominated by bacterial OM. Thereby, the maximum sterane/hopane ratios as well as elevated 
ratios of tricyclic terpanes to hopanes coincide with the accumulation of abundant tasmanites 
phycomata, although these algal fossils exhibit normally only minor sterane and hopane compounds.    
 
The indigenous hydrocarbons show relatively high pristane/phytane ratios and additionally high 
homohopane indices, indicating generally oxidising depositional conditions. However, a cross plot 
diagram between both parameters divided the investigated sedimentary sequence into a lower, oxygen 
depleted (-65m to –86m depth), and an upper more oxygenated depositional environment ranging from 
–65 to –42m depth. In addition, this result coincides with the before described relationship of 
pristane/n-C17 to phytane/n-C18 (Fig. 6.18). 
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6.2.5 Molecular characterisation of algal-derived kerogen  
The S/D Dadaş Formation in SE Turkey and thus the enclosed Fetlika sequences are rich in well-
preserved and diverse organic-walled microfossils (palynomorphs) including acritarchs, prasinophytes 
(Appendix B.13, A-D), chitonozoans and scolecodonts, which have been previously mentioned by 
several authors (e.g. ERKMEN & BOZDOĞAN, 1979; FONTAINE et al., 1980; BESEEMS & SCHUURMAN, 
1990). In addition to these marine palynomorph assemblages, the presence of terrestrially derived 
spores and cryptospores reflects the proximal character of the sediments (STEEMANS et al., 1996). 
Figure 6.25 shows the organic residue of a rock-sample from the lower shale sequence of the Fetlika 
outcrop after the dissolution of carbonates and silicates by standard palynological preparation 
methods. The organic remnants consist mainly of amorphous material including aggregates and 
granular particles (right hand side in Fig. 6.25) whereby individual palynomorphs such as 
prasinophytes, acritarchs as well as chitinozoans occur subordinated. However, it has been found out 
from the Fetlika-I core that especially thick-walled and pore-bearing phycomata of the genus 
Tasmanites occur in higher quantities at least in the interval between –69m and –65m depths (Fig. 6.22 
and Appendix B.13, C1 and C2). Whereas in other studied levels they are usually disperse and less 
frequently distributed in the rock matrix (Appendix B.13, B1 and B2). According to GUY-OHLSON 
(1996) and references cited therein, the fossil genus Tasmanites represents a nonmotile (resting) stage 
of prasinophycean green algae or green flagellates (Division Chlorophyta).  
Fig. 6.25. Organic residue from sample FeSEII30
(Fetlika outcrop, lower shale sequence) after
chemical preparation with HCL and HF and
sieving with mesh size <63µm. The sample was
prepared and provided by Dr. Rainer Brocke,
Research Institute Senckenberg, Frankfurt/Main. 
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To date, it is known from some recent prasinophytes living in temperate seas that their life cycle can 
be divided into a motile flagellate stage and a non-motile phycoma stage. For example MENDELSON 
(1993) described the live cycle of a modern prasinophyte species as follows (Fig. 6.26): At the 
beginning of the live cycle, the motile quadriflagellate cell (A1) may reproduce itself by longitudinal 
fission (A2). After reproduction, the cell lost its flagella and the successive growth of the non-motile 
phycoma starts (B-D). The phycoma phase ends with the escape of an inner sac, containing again 
flagellated motile forms, through a so-called excystement opening and the subsequent settlement of 
the empty phycoma to the sea floor (E-F).  
 
 
Fig. 6.26. Live cycle of the modern prasinophyte Pterosperma. D2, side view of D1; scale bar, 10µm for A1 
and 50µm for A2, B-F (adopted from MENDELSON, 1993) 
 
GUY-OHLSON (1988) assumed in her study that the fossil record of comparable Tasmanites might also 
provide different developmental phases in dependence of the preservation conditions. However, it is 
beyond question that among different live stages of prasinophytes, only the phycomata have been 
preserved due to their thick and highly resistant outer cell walls. Thus, it is not surprising that in the 
kerogen fraction from the examined core samples occur at least two different types of Tasmanites 
phycomata – with and without an excystement opening (Appendix B.13, D1 and D2). This observation 
suggests that one part of the preserved phycomata had already reached the end of the phycoma phase 
and released its inner sac (Fig. 6.26 E), whereas the other part can be assigned to an earlier phycoma 
development stage and therefore still contains the flagellated motile cells (Fig. 6.26 B-D). For a 
molecular characterisation of these algal kerogens, it is necessary to confine the main development 
stage of the algae, because organic products in the wall and/or contents of phycomata probably will 
change during the phycoma phase (DERENNE et al., 1990, 1992a; CLEGG et al., 1997).   
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Altogether six Tasmanites portions from four rock-samples have been analysed by Pyrolysis-GC in 
order to characterise the pyrolysates, which derived from the defined kerogen during further thermal 
maturation (chapter 2.3.8). Three from these Tasmanites fractions were isolated from rock-sample 
CFe21 (-67.45m) by utilising different preparation techniques as described in chapter 2.3.7. In general, 
all Tasmanites pyrolysates exhibit similar hydrocarbon compounds in partially various proportions. 
The Pyrolysis-GC traces of the samples display total concentrations of n-alkane and       n-alk-1-ene 
compounds between 23.7mg and 72.3mg/g initial weight in the n-C6 to n-C30 range (Appendix B.14). 
In comparison to the n-alkane/n-alkene yield, the total concentrations of determined one- and two ring 
aromatic hydrocarbons (i.e. the sum of benzene, toluene, ethylbenzene, xylenes, styrene, naphthalene, 
methylnaphthalenes, dimetylnaphthalenes) nearly decrease by a factor of ten and thus, they vary 
between 3.9mg and 7.2mg/g initial weight. Resolved but unknown organic compounds, as calculated 
by subtraction the n-alkane/n-alkene and aromatics from the total resolved compounds range from 
4.0mg and 8.4mg/g initial weight (Appendix B.14). The Pyrolysis GC trace of handpicked Tasmanites 
from sample CFe21 (Fig. 6.27) displays a typical distribution. Short-chain n-alkene/n-alkane doublets 
showing no overall carbon number predominance dominate the pyrolysate, whereas determined 
aromatic hydrocarbon compounds occur only in minor concentrations. Significant abundances of 
tricyclic terpenoids (cheilanthanes), eluting in the high molecular weight-range (e.g. DE LEEUW et al., 
1991; GREENWOOD et al., 2000) do not occur in any of the Tasmanites pyrolysates.           
 
 
Fig. 6.27. Pyrolysis-GC-FID trace of handpicked Tasmanites individuals from sample CFe21 (-67.45m). 
The assigned peaks (a-e, aromatic compounds) are listed in Appendix B.14. Cn corresponds to n-alk-1-ene 
(x) /n-alkane (o) doublets. 
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The gross composition of the determined C5+ pyrolysis fractions (i.e. resolved unknowns, n-alkane/n-
alkene compounds, and aromatic compounds) displays a slight predominance of resolved unknowns 
with portions between 48.2 and 62.4%, followed by the n-alkane/n-alkene fraction ranging from 32.9 
to 48.0%. The subordinated fraction of the aromatic hydrocarbons varies between 3.6 and 5.8% (Fig. 
6.28a, Appendix B.14). In addition to the C5+ pyrolysates compositions, the variation in the chain 
length distribution of kerogen pyrolysates (i.e. the relative portions of total C1-C5 resolved unknown 
compounds, C6-C14 n-alk-1-enes plus n-alkanes and C15+ n-alk-1-enes plus n-alkanes) can vary 
extremely in dependence of their biological origin (HORSFIELD, 1989). The investigated Tasmanites 
pyrolysates show C1-C5 resolved unknown compounds between 47.1 and 65.2% and n-C6 to n-C14 
alk-1-enes plus alkanes in a range from 47.1 to 65.2%, whereas low n-C15+ alk-1-enes/alkanes 
portions between 3.5 and 9.5% reflect the steadily decreasing n-alkane/n-alkene pyrolysates in the 
higher molecular-weight range (Fig. 6.28b).       
 
Discussion/Interpretation 
With the exception of sample CFe36a (B in Fig. 6.28), all handpicked Tasmanites species show 
nearly the same pyrolysates gross composition and chain-length distributions. The sieve fraction of 
sample CFe21 (A1) consists of heterogeneous solvent-insoluble OM greater than 63µm, similar to the 
kerogen fraction displayed in Fig. 6.25. Thus, it is not surprising that this sample generates higher 
portions of aromatic hydrocarbons and resolved unknown compounds. Contrary to A1, the differing 
chemical composition of the kerogen fraction from sample CFe36a is caused by thin hair fragments 
probably originating from a brush. Both subsamples, A1 and B have been excluded from further 
interpretations.  
 
The predominant occurrence of n-alkanes/n-alkenes together with some aromatic moieties, generated 
during pyrolysis of Tasmanites kerogens have been reported in several studies (HORSFIELD, 1989; 
REVILL et al., 1994; GREENWOOD et al., 2000). Theses compounds are typical features of marine 
algal originated type I and/or type II kerogens (TEGELAAR et al., 1989), although substantial 
variations in the distribution pattern of the hydrocarbons were observed in dependence of the 
pyrolysis method. In their characterisation of the Estonian Kukersite, i.e. an Ordovician oil shale from 
the Baltic basin consisting almost exclusively of the marine algal organism Gloeocapsomorpha 
prisca, DERENNE et al. (1990) concluded that the abundant yield of compounds with linear alkyl 
chains during pyrolysis may derived from highly resistant, aliphatic biopolymers (so called algaenan 
biomacromolecules) present in cell walls of these organisms. Further experiments with other algal-
derived kerogens approved that assumption also for Tasmanites (TEGELAAR et al., 1989; Revill et al., 
1994). The absence of high abundances of tricyclic terpenoids, which have been assumed by 
GREENWOOD et al. (2000) as distinct pyrolysis products of Tasmanites alga (at least for Tasmanite oil 
shales) is remarkable and requires further investigations by Pyrolysis GC-MS in order to gain more 
specific information about the generated compounds.  
6 Organic geochemistry (Fetlika-I core)   
 150 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fi
g.
 6
.2
8.
 P
yr
ol
ys
at
e 
co
m
po
si
tio
ns
 a
cc
or
di
ng
 to
 th
e 
C 5
+-
pr
op
or
tio
n 
of
 n
-a
lk
an
e/
n-
al
ke
ne
 c
om
po
un
ds
, a
ro
m
at
ic
 c
om
po
un
ds
 a
nd
 re
so
lv
ed
 u
nk
no
w
ns
 (a
) a
nd
 a
cc
or
di
ng
 to
 
th
e 
ch
ai
n 
le
ng
th
 d
is
tri
bu
tio
n 
of
 to
ta
l C
1-
C
5 r
es
ol
ve
d 
py
ro
ls
at
e,
 C
6-
C
14
 n
-a
lk
-1
-e
ne
s p
lu
s n
-a
lk
an
es
 a
nd
 C
15
-3
2 n
-a
lk
-1
-e
ne
s p
lu
s n
-a
lk
an
es
 (b
). 
A
fte
r H
O
R
SF
IE
LD
 (1
98
9)
 
6 Organic geochemistry (Fetlika-I core)   
 151 
 
However, several factors that may affect the chemical composition of the Tasmanites kerogen can be 
ruled out as ultimate cause for the absence of significant abundances of tricyclic terpanes.  
 
- Pyrolysis method. At least since the study of REVILL et al. (1994), it is well known that most of 
tricyclic hydrocarbons are formed during pyrolysis temperatures between 330 and 350°, whereas 
above 350°C these compounds will be gradually aromatised. As already described in chapter 2.3, 
pyrolysis products were released over the temperature range from 300 to 600°C and subsequently 
collected in a cryogenic trap, hence potential tricyclic compounds should be preserved.    
  
- Thermal maturity. The abundance and composition of the tricyclic terpanes generally increase during 
catagenesis, recording generation from kerogen (FARRIMOND et al., 1999). The indigenous bitumens 
from the Fetlika samples exhibit a low but traceable series of tricyclic terpanes ranging from C20 to C29 
(Fig. 6.19). If these compounds have been generated from the immature Tasmanites phycomata (the 
OM is just at the beginning of the catagenic stage), further thermal degradation of specific organisms 
should yield high abundances of tricyclic terpanes, even markable in the Pyrolyses GC-FID but, as 
already shown in Fig. 6.27, this is not the case.   
 
- Existence of different ´Tasmanites´ live stages. In the cause of pretreatment, all Tasmanites fractions 
were examined by microscopic observations. The vast majority of the pyrolysated kerogens consist of 
closed thick-walled phycomata showing no distinct external structures (Appendix B.13, C-D). 
However, it should be noted that a few of the specimens display excystement openings indicating a 
different growth stage, and thus probably different organic compound signatures. 
 
Further investigations based on specific Tasmanites portions (e.g. different morphotypes) from the S/D 
Fetlika sequences will prove if the absence of abundant tricyclic hydrocarbons is possibly caused by 
geochemically different Tasmanites species due to their adaptation to different environmental 
conditions. Such affects have been already demonstrated, e.g., for green algal related 
Gloeocapsomorpha prisca microorganisms, which probably changed their chemical composition in 
dependence of the salinity conditions (DERENNE et al., 1992b).    
 
Summary – Molecular characterisation of algal derived kerogen 
Pyrolysis-gas chromatography of isolated and predominantly “closed” Tasmanites phycomata 
generated a typical algal-derived alkane/alkene distribution with minor amounts of one- and two-ring 
aromatic hydrocarbons. The abundant yield of linear alkyl chains probably derived from algaenan, a 
highly resistant biomacromolecule, which is present in the algal cell walls (TEGELAAR et al., 1989). 
None of the investigated Tasmanites pyrolysates from the S/D Fetlika sequences show at least traces 
of tricyclic terpanes, which have been proved by GREENWOOD et al. (2000) as distinct pyrolysis 
products of these microorganisms. The absence of tricyclic hydrocarbons probably reflects adaptation 
processes of the organisms within a different depositional environment.  
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6.3 Definition of organofacies types 
According to the organic geochemical parameters applied in this study, the potential S/D sedimentary 
sequences investigated from the Fetlika outcrop and the Fetlika-I borehole can be divided into two 
main indigenous organofacies types comprising the hydrocarbon- as well as the kerogen fraction.  
 
6.3.1 Algal-derived marine OM 
This organofacies type occurs mainly in the lower shale sequence (interval –65m to –86m depth) from 
the Fetlika-I borehole. It is characterised by a mean TOC value of 0.84±0.10w.-%, although several 
samples from –65.90m to –68.60m depth show increased contents with an average of 1.5±0.28w.-% 
TOC, probably due to an elevated synsedimentary accumulation of this type of organic matter. Rock-
Eval data, isoprenoid/n-alkane ratios as well as isoprenoid/C35-homohopane indices indicate a type 
II/type III kerogen, deposited under slight oxygen-depleted conditions in an overall oxygenated 
environment. Furthermore, front-end loaded envelope curves in the capillary gas chromatograms of 
the saturated hydrocarbon fraction solely point to the contribution of marine bacteria and algae, 
whereas relatively high sterane/17α(H)-hopane ratios reflect the predominance of algal OM including 
cyanobacteria. Palynomorph fractions from this organofacies type display abundant phytoplanktonic 
assemblages as divers acritarchs and prasinophytes, although zooplanktonic specimens such as 
chitinozoans are also available. Pyrolysis-gas chromatography of isolated algal-derived phycomata of 
the genus Tasmanites generated a typical alkane/alkene distribution probably derived from algaenan, a 
highly resistant biomacromolecule, which is present in the algal cell walls.   
 
6.3.2 Bacteria-dominated degraded marine OM 
Organic matter from this facies type is restricted to the upper calcareous part of both Fetlika outcrop 
and Fetlika-I core section. The total amount of organic carbon averages 0.31±0.17w.-% for the outcrop 
samples and 0.34±0.10w.-% for samples from the examined core interval. Rock-Eval data, 
isoprenoid/n-alkane ratios as well as isoprenoid/C35-homohopane indices point to a type III kerogen 
deposited under invariably oxidising conditions. Capillary gas chromatograms from both sections 
exhibit nearly bimodal n-alkane envelopes. The maximum in the low molecular weight alkane range 
(n-C15 to n-C19) can be associated with the presence of algal and/or bacteria originated marine OM, 
whereas the second, rather subordinated maximum or inflection point in the high molecular weight 
alkane range (n-C27 to n-C31) may give a hint to the contribution of a terrestrial plant input. However, 
obvious plant remains such as cuticles have not been found so far in the sediments from the upper 
calcareous parts of the Fetlika sequences (BROCKE, pers. com., 2003). In contrast to the algal-derived 
organofacies type, relatively low sterane/17α(H)-hopane ratios and increased manganese 
concentrations document the predominance of aerobic bacteria, which were active in the first 
centimetres below the sediment-water interface.  
 153  
  
 
 
 
 
 
 
 
CONCLUSIONS
 154  
 
 
7.1 Paleogeographic situation and applied facies model 
During the Paleozoic time, SE Turkey belonged to a widely distributed pericontinental shelf platform 
that defined the northern margin of Gondwana (BOZDOĞAN & ERTUĞ, 1997). At least since the 
beginning of the Ordovician, sedimentation processes in the central part of SE Anatolia were primarily 
controlled by the uplift of the Mardin-Kahta region 100 kilometres south of the study area, which 
formed sensu lato due to epeirogenic movements of the Arabian Plate. According to BOZDOĞAN and 
ERTUĞ (1997), this NW-SE trending uplift separates the region into two main sedimentary basins. The 
western Akçakale basin was filled with sediments from Cambrian to Ordovician age, whereas the 
eastern Diyarbakır basin was mostly subsiding from Cambrian to Permian.  
 
The potential Upper Silurian/Lower Devonian sedimentary sequences of the Hazro area were 
deposited in a marine shoreline environment within the Diyarbakır basin, whereby the southern 
assumed Mardin-Kahta uplift became important as detrital source area.  
Figure 7.1 illustrates the main morphological elements as well as estimated lateral and vertical 
dimensions of a modern clastic shoreline-to-shallow-marine depositional system (e.g. MCCUBBIN, 
1981; WALKER & PLINT, 1992; READING & COLLINSON, 1996; EINSELE, 2000; HAMPSON & STORMS, 
2003). Environmental definitions and terms used in the facies associations below are mainly based on 
this generally accepted shoreline zonation.    
 
Fig. 7.1. Schematic shoreline-shallow marine profile showing different environments, sediments and typical 
ichnofacies characteristics (modified from READING & COLLINSON, 1996 and WALKER & PLINT, 1992) 
 
The associations of previously described lithofacies types (chapter 5.4) and organofacies types 
(chapter 6.3) result in three recurring depositional settings from the offshore via the offshore transition 
to the shoreface zone, showing a divers evolution of both geo- and biodynamic processes. The 
depositional history of the examined sequences can be described as follows: 
7 Geo- and biodynamic evolution of individual environments 
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7.1.1 Offshore mud-dominated shelf or mid to outer shelf (Environment A, Fig. 7.7) 
A combination of shales, dolo-allochemic siltstones and bacterial as well as algal derived marine OM 
reflects an offshore mud-dominated shelf environment, which was mainly characterised by the 
deposition of muddy sediments from the shale facies.  
 
Bulk mineralogical data and provenance analyses indicate for this period prevailing moderate climatic 
conditions in the adjacent hinterland, where weathering processes of silica-rich igneous rocks provided 
the main source of detrital influx which was transported by rivers into the sea. Therefore, the results 
point to the more southern position of Gondwana (Fig. 1.5), which was already assumed in the 
paleogeographic model developed by BACHTADSE and BRIDEN (1991). Inside the basin, mud and silt 
were transported in suspension and flocculated under prevailing low-energy conditions not very far 
from the coastal zone. The comparison with analogous modern shallow marine mid to outer shelf 
environments (Fig. 7.1) suggests that the sea floor was situated below the mean storm wave base at 
water depth greater than 20m. Within this scenery, tractive currents (probably geostrophic flows) 
caused by strong storm events led to the accumulation of dolo-allochemic (brachiopod bearing) 
siltstones, indicating a parautochthonous contribution from shallower marine settings.  
 
In general, the influx of OM to a marine depositional environment is controlled by the riverine and 
eolian influx of terrestrial, plant-derived OM and by the in situ primary production of various bacteria, 
phyto- and zooplanktonic organisms (TISSOT & WELTE, 1984, p. 59). Organic geochemical (this 
study) and palynological data (BROCKE, unpubl.) show that the main part of the preserved OM has 
originated from bacteria, algal material and zooplankton, whereas the predominance of H-rich type-II 
kerogen as well as certain biomarker distributions attest the primary production by phytoplankton and 
cyanobacteria as major source of OM influx. All depositional processes within the offshore mud-
dominated shelf environment took place under oxic conditions, even though biomarker ratios reflect 
somewhat depleted oxygen concentrations. The overall rare occurrence of bioturbation traces under 
prevailing oxygenated bottom water conditions implicates relatively increased sedimentation rates, 
which must be compensated by an equivalent subsidence. This fact in turn favours the preservation of 
the mainly algal derived marine OM by reducing its residence time in zones of oxic decomposition. 
Within the water column, settling of OM to the sea floor can only occur if organic compounds form 
clusters or they are adsorbed to inorganic particles (EINSELE, 2000). As a consequence, there should 
exist a positive correlation between the sedimentation rate and organic carbon content in sediments 
deposited in marine oxic environments where pelagic suspension as transport mode dominates and in 
fact, many authors have described this relationship from various recent and ancient depositional 
environments (STEIN et al., 1986 and references cited therein; LITTKE, 1993). This positive 
correlation, however, is only valid up to a certain rate of deposition where dilution of OM overcomes 
the preservation effect. According to WEAVER (1989), typical sedimentation rates (i.e. sediment 
thickness per unit time) observed in modern and ancient siliciclastic mid to outer shelf environments 
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vary between 1 and 10cm/ka (10-100m/Ma). The correlation between the above assumed 
sedimentation rate range and the measured organic carbon contents displays two different levels, due 
to the organic carbon related intervals identified in the sedimentary record of the offshore mud-
dominated shelf sequence (Fig. 7.2). As a result, the mean organic carbon value from the lower part of 
the sequence (1) just reflects oxic depositional conditions independent of the assumed sedimentation 
rate spectrum. The increased mean TOC value from the uppermost interval of the sequence (2) 
indicates on the other hand a period of high bioproductivity, at least under elevated rates of sediment 
deposition (>4cm/ka). This bioproductivity zone at the end of the offshore mud-dominated facies is 
characterised furthermore by enhanced sterane/hopane ratios and abundant prasinophyte phycomata of 
the genus Tasmanites, accumulating on the bedding planes. These non-motile resting stages of 
prasinophycean green algae (GUY-OHLSON, 1996) generate during thermal degradation a typical algal-
derived alkane/alkene pattern with minor amounts of one- and two-ring aromatic hydrocarbons. Linear 
alkyl chains probably derived from algaenan, a highly resistant biomacromolecule, which is present in 
the algal cell walls whereas the absence of abundant tricyclic terpanes is rather unusual and may 
reflects adaptation processes of the algal organisms.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.2. Relationship between organic carbon values and sedimentation rates in oxic 
and anoxic environments (after STEIN et al., 1986). For further explanation see text 
 
Enhanced photosynthetic production by organisms living in aquatic systems is primarily controlled by 
high nutrient supply (e.g. nitrate, phosphate) and sufficient sunlight (TISSOT & WELTE, 1984) which 
can be interpreted by an additional riverine influx as source of nutrients and/or a temperature increase 
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and thus by an increase of light intensity. However, sedimentological data show in the uppermost 
interval of the sequence no evidence for a distinct environmental change.    
 
The sediments deposited in the offshore mud-dominated shelf environment build up at least more than 
22m of the Middle Dadaş Formation in which the upper interval seems to be equivalent with the 
Pridoli series (BROCKE, pers. com., 2002). 
 
7.1.2 Storm influenced offshore-transition or inner shelf (Environment B, Fig. 7.7) 
Sediments from the offshore-transition sequence are composed of nearly the same lithofacies-types as 
the underlying offshore sequence and thus, the successions differ only slightly in their lithostragraphic 
record. The boundary between both facies zones is marked by the first occurrence of dolomitic 
sandstones. Organic geochemical data indicate a steady decrease in the contribution of algae and an 
increase of the bacteria.  
 
Usually, the offshore-transition is defined as the zone between mean storm wave base to mean 
fairweather wave base (Fig. 7.1). In this zone, the sea floor was temporarily affected by storm induced 
oscillatory waves and bottom currents. As a result of wave and current motion during such storm 
periods, the investigated sedimentary succession typically shows several coarsening upward sequences 
of laminated calcareous silt- and sandstones, whereas the shaly intercalations were deposited during 
fairweather. A steady increase of the endobenthic activity (dominated by the Cruziana ichnofacies) 
under overall oxic bottom water conditions favoured the development of aerobic bacteria (see also 
FLECK et al., 2002). Relatively low organic carbon contents of about 0.4w.-% point to an further 
increase in the sedimentation rate and thus to the dilution of the embedded OM. Increasing rates of 
sediment input accompanied by a successive shallowing of the environment indicate an imbalance 
between deposition and accommodation (i.e. the rate at which depositional space is generated by basin 
subsidence or seal-level rise), which further points to a progradation of the shoreline.   
 
7.1.3 Tide and storm influenced shoreface (Environment C, Fig. 7.7) 
According to WALKER and PLINT (1992), the base of the subtidal shoreface zone can be defined at the 
point where interbedded siltstones and shales pass upward into relatively clean sandstones. The Fetlika 
sequences of this interval are mainly characterised by lenticular and flaser bedded grey dolomitic 
sandstones and occasionally intercalated shale layers. Due to the lithology (i.e. enhanced porosity and 
permeability), the extractable OM yields high amounts of non-indigenous asphaltenes. 
 
The tide and storm influenced shoreface environment is defined as the zone between the low tide mark 
and mean fairweather wave base, which is usually situated in water depths between 5 and 15m (Fig. 
7.1). At such water depths, wave action permanently affects the sea-bottom by back and forth 
shuffling motions and as a consequence, the deposited sediments show a high mineralogical and 
textural maturity, which is reflected by high amounts of well-sorted quartz particles.  
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The detrital fraction, which was deposited within this environment settled out of tractive currents and 
pelagic suspensions, indicating wind and/or tide induced currents and periods of non-turbulent post-
storm sedimentation. Many sandstone layers include trace-fossils as simple vertical burrow systems of 
the Skolithos ichnofacies or as sinuous tracks of the Cruziana or Glossifungites ichnofacies as a result 
of temporary energy fluctuations caused by storms (e.g. PEMBERTON et al., 1992). Microfacies 
analyses of the sandstones reveal a cm-scaled alternation of dolomite enriched laminated intervals 
with abundant pyrite crystals and some algal phycomata and unstratified poorly sandy intervals in 
which the algal phycomata are more disseminated. This form of rhythmic varve-scaled stratification 
may document the influence of tidal currents, whereas observed swaley cross stratification structures 
reflect the influence of storms in the lower shoreface zone (e.g. TUCKER, 1991). However, the most 
distinct feature of the tide influence was identified in the Fetlika outcrop sequence. Therein, a small 
channel system with longitudinal cross-bedding structures and mud drapings in its basal part and 
reworked sediments such as mud pebbles in its upper part strongly point to the activity of tidal 
currents in the subtidal zone (Fig. 7.3).  
 
The 4 to 5 metre thick sandy interval of the tide- and storm influenced shoreface zone reflects the top 
of a prograding stacking pattern and together the end of the prevailing extrabasinal (terrestrial) influx. 
 
 
Fig. 7.3. The photograph shows a typical flat tidal channel, observed in the lower sandy part of the Fetlika 
outcrop. (A) A bundle of small cross-bedded foresets was developed by ebb currents (mostly the dominant 
current). (B, C) During high water levels, muddy material settles on top of the foresets and forms characteristic 
mud drapings, which partly survive the following contrary but subordinated flood current stage (after EINSELE, 
2000). In the upper part of the channel fill, the sands were eroded by small slides, consisting of reworked sandy 
material and slightly imbricated mud-pebbles.  
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7.1.4 Transgressive system 
The transgressive system is documented by an alternation of several dolo-allochemic (organic carbon 
poor) limestone beds and thin shale intercalations within a 0.6m thick succession. Each of the 
fossiliferous limestone beds truncates the underlying shale layers by an erosional surface.   
 
The biotic assemblages and clastic inventory of the dolo-allochemic limestones point to transgressive 
lag deposits (formed by subaerial or submarine erosion), which grade upwards into condensed onlap 
deposits (formed by the passive accumulation of on site living organisms). Reworked mud clasts in the 
basal part of the bioclastic layers as well as partially amalgamated limestone beds reflect the erosional 
character of the transgressive lags. The high proportion of cryptostome bryozoans may indicate 
nutrient laden currents and the taphonomic feedback after shell accumulation on the shallow marine 
sea floor, because bryozoan colonies preferably encrusted all types of hard substrates such as rocks or 
shells (see MCKINNEY & JACKSON, 1989). Within the transgressive sequence, each shale intercalation 
corresponds to a marine flooding surface, indicating an abrupt increase in water depth. Thus, the 
alternation of the allochemic limestone/shale couplets documents at least four succeeding flooding 
episodes. The transgressive lag deposits truncate the underlying sediments of the shoreface 
environment and initiate depositional processes in an offshore middle to outer shelf environment. The 
stratigraphic gap or hiatus between both environments represents a sequence boundary and the initial 
stage of a new progradational sequence (probably parasequences).  
 
7.1.5 Offshore mud-dominated shelf (Environment A´, Fig. 7.7) 
The first 1.30m of the incipient progradational sequence are mainly composed of shales, whereby 
sediments of the dolo-allochemic siltstone facies occur subordinated in the upper part of the 
succession. Though the organic carbon contents are relatively low (0.3-0.4w.-% TOC), the 
sedimentary features as well as the distribution of indigenous acyclic normal alkanes point to an 
environment similar to the before described offshore mid to outer shelf (chapter 7.1.1), which has been 
identified by the same lithofacies types in the lower part of the examined strata.  
 
Results of grain size and mineralogical analyses show nearly constant distributions and generally 
suggest that the terrigenous sediments were transported within a quiet energy environment where the 
particle load continuously settled out of a uniform suspension. The content of ferrimagnetic minerals 
as a proxy for the detrital influx display a steady decrease throughout the sequence, which is probably 
caused by a gradual deepening and thus by a basinward shift of the offshore environment (Fig. 7.4). 
Redox-sensitive trace elements as well as organic indices still point to oxygenated bottom water 
conditions, although bioturbation traces occur relatively rare in this sequence. The indigenous aliphatic 
hydrocarbons, which have been extracted from the shales, point most likely to a predominance of algal 
activity either within the photic zone or on the sea floor of the mud-dominated mid to outer shelf 
environment.      
7 Geo- and biodynamic evolution of individual environments   
 160 
Several thin-bedded (distal) tempestite layers in the upper part of the sequence indicate unidirectional 
currents (probably geostrophic flows), which sporadically affected the muddy shelf bottom during 
strong storm periods.  
  
7.1.6 Rhythmic storm dominated offshore-transition or inner shelf (Environment B´, Fig. 7.7)  
In contrast to the underlying sequences, the sedimentary succession reflecting the rhythmic storm 
dominated offshore-transition zone exhibits notable amounts of carbonate. Therefore, the lithofacies 
inventory embraces mixed siliciclastic and carbonate sediments from the dolo-micritic siltstone facies 
and from the silty/sandy micrite and dolomite facies. The organofacies is generally characterised by 
the loss of algal OM and thus, by a relative increase of bacterial OM. Furthermore, indigenous acyclic 
normal alkane distributions show two maxima at n-C15 to n-C19 and n-C27 to n-C31, whereby the alkane 
concentrations in the former (low molecular weight range) show throughout the succession a 
decreasing trend, which is also reflected by increasing isoprenoid/n-alkane ratios.  
 
The predominantly silty to sandy carbonate beds have been identified as storm generated (tempestite) 
deposits, whereas the calcareous silty interbeds reflect the background sedimentation during relatively 
quiet hydrodynamic conditions. The examined tempestite beds show typical microfabrics and 
sedimentary structures such as fining upward sequences with coarse bioclastic/siliciclastic erosive 
bases with gutter casts, cross bedding stratification, bioturbation traces of the Skolithos and Cruziana 
ichnofacies on the top of the sequences as well as redeposited bioclasts (ostracodes shells) floating in 
the biomicritic matrix. The presence of clay and silt to sand-sized siliciclastic particle distributions 
implies a combined flow regime of oscillating water and geostrophic currents (i.e. bottom currents on 
the inner shelf, generated by downwelling water masses), resulting in the redeposition as graded layers 
within the offshore transition zone (e.g. EINSELE, 2000). Generally, the deposition of such individual 
storm event beds happens within several hours or days. The fine-grained interbeds, accumulated 
during the “quiet” interregnum between two successively following storm events, display undulated 
bedding planes due to extensive bioturbation (Chondrites) within a poorly sorted and unconsolidated 
bottom substrate. Rhythmic bedding of both lithologies build up a storm influenced coarsening-
upward cyclicity, which has been described from various locations and sediments of different ages 
(e.g. AIGNER, 1985; COTTER, 1990; COLQUHOUN, 1995; JENNETTE & PRYOR, 1993; SEILACHER & 
AIGNER, 1991; WRIGHT & BURCHETTE, 1996; HAMPSON & STORMS, 2003). Detrital sensitive 
markers as particle size distributions of the siliciclastic fraction, quartz/clay ratios, magnetic 
susceptibilities (measure of ferrimagnetic minerals) and the bed thicknesses display at least six 
superior coarsening upward sequences or bundles, consisting of 3 to 10 bed/interbed couplets (Fig. 
7.4). Each of the coarsening upward patterns starts with thin (more distal) tempestite layers embedded 
in the fine-grained host sediment. Trace fossils of the Skolithos ichnofacies (Monocraterion and 
Diplocraterion) in the upper parts of the thin tempestite beds indicate the decreasing sedimentary 
influx and low energy conditions, which prevailed after the storm abated.  
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On the other hand, the increasing particle size, decreasing bioturbation traces as well as the occurrence 
of channel casts in the upper part of the coarsening upward sequences point to more frequent storm 
events and higher energy levels under relatively shallower water conditions. In the uppermost part of 
each coarsening upward succession, the intervening shale layers vanished due to the erosional 
character of the following sandy storm deposit. Amalgamation and/or cannibalism phenomena are 
common in the coastal zone of shallow seas and according to HAMPSON and STORMS (2003) such 
erosional discontinuity surfaces and the associated bundles or bedsets (intra-parasequences) reflect 
changes to a more energetic wave/storm climate, minor falls in relative sea level and/or sediment 
supply (Fig. 7.5). These minor cycles with wavelengths between 102 and 104 years (6th order cycles) 
are usually superimposed by an overall flattening trend (parasequence), reflecting a time-span of 103 to 
105 years (5th order cycles) and implies basinward or shoreward shifts of the shoreline profile due to 
changes in relative sea level and/or sediment supply (HAMPSON & STORMS, 2003). 
In general, it is often not possible to distinguish sharply between autocyclic (basin-intern mechanisms 
caused by e.g. local storm events) and allocyclic (external variations such as Milankovitch cycles) 
processes, causing cyclic sequences (EINSELE et al., 1991). However, the varying thicknesses of the 
repeated bundles within the Fetlika outcrop (Fig. 7.4) as well as the poor correlation potential of this 
cyclicity between outcrop and borehole are arguments for autocyclic processes.       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.5. Different depositional processes and products of the shoreline environment reflect 
various durations ranging from 10-3 to 105 years (after HAMPSON & STORMS, 2003). 
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The quantity of indigenous OM in the sediments is mainly controlled by bioproductivity and 
preservation (e.g. KRANENDONCK, 2000). An overall negative correlation between the main detrital 
particle size groups and the associated organic carbon contents (carbonate-free calculated) depicts the 
preservation affect, whereas the influence of bioproductivity is rather negligible within the storm-
dominated inner shelf (Fig. 7.6). As already discussed in chapter 7.2, the preservation of organic 
matter depends on the depositional conditions as sedimentation rate, transport mode, water depth and 
oxygen concentrations near the sediment-water interface. Though the palaeoredox indices indicate 
overall oxygen-rich conditions within the inner shelf zone, relatively quiet depositional periods 
(documented by high portions of very fine detrital particles) favour the preservation of organic matter. 
During the storm periods (documented by high portions of silt and sand-sized particles) when the 
energy level and the sediment accumulation rate increases, the organic matter content successively 
decreases due to the previous discussed dilution effect, which was controlled in this facies zone not 
only by the detrital- but also by the biogenic carbonate influx (see chapter 7.2).     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.6. The three basic particle size distributions of the terrigenous fraction 
reflect different transport processes and energy levels and thus different 
sediment accumulation rates, affecting the amount of deposited organic matter.  
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The increase in the storm frequency throughout the period of the offshore transition reflects an overall 
change in the hydrodynamic system from low- to high-energy depositional conditions. This change is 
also is documented by the quality of preserved OM (i.e. the organofacies). The steady loss of alkanes 
in the n-C15 to n-C19 range as well as decreasing sterane/hopane ratios from the beginning up to the 
end of the discussed facies zone probably indicate a decline in the contribution of algal derived marine 
OM. A clue for a relatively continuous deposition of terrestrial plant material within the offshore 
transition zone might be a subordinated maximum in the n-C25 to n-C33 range, although it is not very 
diagnostic.  
 
7.1.7 Storm dominated shoreface (Environment C´, Fig. 7.7) 
This facies zone is defined by the alternation of silty to sandy dolomites and dolomitic sandstones and 
thus it reflects the calcareous equivalent (recurring facies) to the previously described storm and tide 
dominated shoreface zone. In analogy, SOM from this sequence is non-indigenous (see chapter 7.1.3). 
 
Lenticular and flaser bedded structures of the silty/sandy dolomites primarily reflect wave agitation in 
shallow water environments and may have been produced by the combination of currents 
(unidirectional flows) and waves (oscillating flows). Trace fossils of the Cruziana ichnofacies 
(probably Planolites and/or Thalassinoides) attest moderate energy levels in shallow waters 
(PEMBERTON et al., 1992). Several sandstone layers, showing erosional bases and fining upward 
sequences with bioturbation traces at the tops, document short episodes of higher energetic 
depositional conditions which gradually slowed-down when the storm abated.       
 
High dolomite contents in both lithologies are caused by the replacement of calcite by authigenic 
dolomite as a result of diagenetic processes. The dolomitisation occurred during early burial of the 
sediments due to the interaction of seawater (enclosed in the pore space) and meteoric freshwater, 
which circulated in the sandy calcareous strata (dorag model). The assumed mixing zone 
dolomitisation model implies a rather proximal and permeable facies, where meteoric water can 
circulate and subsequently build up freshwater lenses in the shallow subsurface.           
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Fig. 7.7. Generalised stratigraphy of the sedimentary sequences from the Hazro area (SE Turkey) and 
reconstructed geo- and biodynamic evolution throughout the Lower Silurian / Upper Devonian period     
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7.2 Considerations concerning the Silurian/Devonian-Boundary in the Hazro 
area (SE Turkey) 
 
 
Many biostratigraphic attempts have been made so far to define the exact level of the S/D-B in SE 
Turkey, which should be located somewhere within the middle to upper Dadaş Formation (see chapter 
4.2). Generally, comparisons with S/D index fossils like Monograptus uniformis (sensu strictu) and 
Icriodus woschmidti or diagnostic chitinozoans (sensu lato) from the GSSP Klonk (Czech Republic) 
are not practicable because most of these fossils are restricted to deeper marine environments. 
Recently, there are some further efforts to narrow the boundary on the base of acritarchs (BROCKE, 
2004). However, as long as the biostratigraphy for the Upper Silurian/Lower Devonian Dadaş 
Formation remains unclear, the herein presented detailed sedimentological and organic geochemical 
results may provide a clue in respect of the boundary definition.  
 
As described above, the examined shoreline environment point to various depositional processes, 
ranging in time from several hours or days (deposition of storm layers) up to about 100.000 years 
(variation of the shoreline profile), whereby the higher ranking magnitudes (>10.000a) may have been 
caused by global eustacy (e.g. EINSELE et al., 1991). The combined results of the litho- and 
organofacies association via the potential S/D strata display at least two repetitive facies patterns with 
an estimated recurrence time between 10.000 and 100.000 years (5th order cycles), which are separated 
from each other by a sequence boundary (Fig. 7.7). This boundary is defined by the onset of several 
lag deposits (erosional bioclastic layers) whose occurrence is prominent as well as unique throughout 
the Middle and Upper Dadaş Formation.   
 
In general, relative sea-level fluctuations across the S/D-B have been proposed on a global scale (e.g. 
VAIL et al., 1977) and from different paleo-continents such as Baltica, Laurentia (LENZ, 1982) and 
Gondwana (CARR, 2002 and references cited therein). According to these authors, the S/D-B is related 
to a global 2nd order lowstand of sea level, probably influenced by tectono-eustatic mechanisms 
involving changing ocean ridge volume (JOHNSON et al., 1991). The sea level drop subsequently 
caused a period of extensive erosion, which affected in particular the shallow water environments. 
This is most likely the reason why the S/D transition is known to be preserved just in a limited number 
of relatively deep-water outer shelf to slope environments (chapter 3.1).  
 
On the basis of a number of outcrop and well data from the North African region, CARR (2000) 
identified the S/D-B in this area as a second order sequence boundary (the so called “Caledonian 
Unconformity”). Thus, the prominent occurrence of the sequence boundary, observed within the 
Fetlika succession, probably reflects the Silurian/Devonian unconformity, although the cyclicity 
strongly varies from 2nd to 5th order (most likely caused by the restricted stratigraphical insights). 
Furthermore, chemostratigraphical investigations based on organic and inorganic stable carbon isotope 
analyses seem to approve the sequence boundary at Fetlika as system boundary because of the absence 
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of a positive shift in the isotopic composition of stable carbon which typically appears in the transition 
from the Silurian to the Devonian period (HERTEN, in prep.; SALTZMAN, 2002 and references sited 
therein). On the basis of the above stated arguments, the specific S/D-B level or layer (the so-called 
golden spike) is probably not documented within the Dadaş Formation. Thus, the question concerning 
the S/D changeover has to be revised to a somewhat broader sense, emphasizing the potential varieties 
between the Upper Silurian and Lower Devonian sedimentary successions.  
 
As illustrated in Fig. 7.7, the examined strata document a shoreline environment whose facies zones or 
subenvironments vary through time in a cyclic order (i.e. ABC, A´B´C´) whereas each cycle embraces 
a flattening trend which is caused by the successive progradation of the coastline. Thus, although the 
transition between both cycles (most likely the S/D transition) is marked by an erosional gap, the 
sedimentary system as well as the biotic feedback (i.e. the infaunal and planktonic activity due to 
varying depositional conditions) did not change remarkably. The occurrence of cuticles and spores of 
terrestrial plants in the lowermost part of the Fetlika-I borehole (BROCKE, 2004) demonstrates that the 
early landplants had already passed their initial stage of evolution.  
 
In fact, it was the type of sedimentary load, which changed at the assumed S/D-B from predominantly 
siliciclastics to a mixture of carbonates and siliciclastics. According to the sedimentological results, 
the calcareous sediments reflect storm layers implying that most of the carbonates in the Lower 
Devonian succession were redeposited. Thus, carbonate production itself took place earlier in another 
environment which is documented by the calcareous bioclastic lag deposits immediately above the 
sequence boundary. These sediments indicate several flooding episodes, promoting a high benthic in-
situ carbonate production on the shallow shelf platform (e.g. EINSELE, 2000). The succeeding storms 
were capable to erode these shallow water deposits and transported them further basinward where they 
gradually accumulated out of the suspension. To that effect, the prominent appearance of carbonates 
with the beginning of the Lower Devonian was caused by the variation of the provenance due to the 
relative sea-level change, combined with higher energy depositional conditions due to the subsequent 
onset of high frequency storm episodes.  
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No. 
 
E-No. 
 
Sample 
 
Sample Level 
[m] 
Formation 
 
Description/ 
Classification after MOUNT (1985) 
1 50554 Ia01  0.26 Middle Dadas shale 
2 50555 Ba01  0.36 Middle Dadas sandy allochem limestone 
3 50556 Ia01/02  0.43 Middle Dadas shale 
4 50557 Ba02  0.50 Middle Dadas sandy allochem limestone 
5 50558 Ia02/03  0.67 Middle Dadas shale 
6 50559 Ia02/03a  0.93 Middle Dadas shale 
7 50560 Ia02/03b  1.17 Middle Dadas shale 
8 50561 Ba03  1.31 Middle Dadas sandy micrite 
9 50562 Ia03/04  1.36 Middle Dadas micritic siltstone 
10 50563 Ba04  1.45 Middle Dadas micritic sandstone 
11 50564 Ia04/06  1.62 Middle Dadas micritic sandstone/siltstone 
12 50565 Ba06  1.71 Middle Dadas micritic sandstone 
13 50566 Ia06/07  1.76 Middle Dadas siltstone/shale 
14 50567 Ba07  1.82 Middle Dadas micritic sandstone 
15 50568 Ia07/08  1.88 Middle Dadas micritic sandstone 
16 50569 Ba08  1.93 Middle Dadas micritic sandstone 
17 50570 Ba09  2.11 Middle Dadas sandstone 
18 50571 Ba10  2.37 Middle Dadas micritic sandstone 
19 50572 Ba11  2.50 Middle Dadas micritic sandstone 
20 50573 Ba12  2.62 Middle Dadas sandstone 
21 50574 Ia12/13  2.68 Middle Dadas sandstone 
22 50575 Ba13  2.78 Middle Dadas sandstone 
23 50576 Ba14  2.82 Middle Dadas sandstone 
24 50577 Ba15  2.90 Middle Dadas micritic sandstone 
25 50578 Ba16  3.16 Middle Dadas sandstone 
26 50579 Ba17  3.30 Middle Dadas micritic sandstone 
27 50580 Ia17/18  3.37 Middle Dadas siltstone/sandstone 
28 50581 Ba18  3.40 Middle Dadas sandstone 
29 50582 Ba19  3.56 Middle Dadas micritic sandstone 
30 50583 Ba20  3.72 Middle Dadas sandstone 
31 50584 Ba21  3.84 Middle Dadas sandstone 
32 50585 Ba22  4.00 Middle Dadas sandstone 
33 50586 Ba23  4.29 Middle Dadas sandstone 
34 50587 Ba24  4.52 Middle Dadas sandstone 
35 50588 Ba25  4.67 Middle Dadas sandstone 
36 50589 Ba26  4.75 Middle Dadas sandstone 
37 50590 Ba27  4.85 Middle Dadas sandstone 
38 50591 Ba28  4.97 Middle Dadas sandstone 
39 50592 Ia28/29  5.07 Middle Dadas siltstone/sandstone 
40 50593 Ba29  5.18 Middle Dadas sandstone 
41 50594 Ia29/30  5.22 Middle Dadas sandstone 
42 50595 Ba30  5.28 Middle Dadas micritic sandstone 
43 50596 Ia30/31  5.38 Middle Dadas  sandstone 
44 50597 B00  5.48 Upper Dadas bioclastic allochem mudrock 
45 50598 I00/01  5.53 Upper Dadas micritic siltstone 
46 49550 B01  5.66 Upper Dadas bioclastic silty allochem limestone 
47 50599 I01/01a  5.70 Upper Dadas siltstone 
48 50600 B01a  5.77 Upper Dadas bioclastic silty allochem limestone 
49 50601 I01a/02  5.85 Upper Dadas micritic siltstone 
50 49551 B02  5.92 Upper Dadas bioclastic silty allochem limestone 
51 49552 I02/02a  6.45 Upper Dadas micritic siltstone 
52 49553 B02a  6.55 Upper Dadas sandy allochem limestone 
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No. 
 
E-No. 
 
Sample 
 
Sample Level 
[m] 
Formation 
 
Description/ 
Classification after MOUNT (1985) 
53 49555 I02a/02b  6.83 Upper Dadas micritic siltstone 
54 49556 B02b  7.04 Upper Dadas sandy micrite 
55 49557 I02b/03  7.15 Upper Dadas micritic siltstone 
56 49558 B03  7.28 Upper Dadas bioclastic silty allochem limestone 
57 49559 I03/04a  7.47 Upper Dadas micritic siltstone 
58 49560 B04a  7.53 Upper Dadas silty micrite 
59 49561 B04b  7.84 Upper Dadas silty micrite 
60 49562 I04b/05  7.92 Upper Dadas micritic siltstone 
61 49563 B05  7.99 Upper Dadas sandy micrite 
62 49564 B05a  8.10 Upper Dadas silty/sandy micrite 
63 49565 I05a/05b  8.23 Upper Dadas micritic siltstone 
64 49566 B05b  8.34 Upper Dadas sandy micrite 
65 49567 B05c  8.42 Upper Dadas silty/sandy micrite 
66 49568 B05d  8.52 Upper Dadas silty micrite 
67 49569 B06  8.59 Upper Dadas silty micrite 
68 49570 I06/07  8.70 Upper Dadas micritic siltstone 
69 49571 B07  8.80 Upper Dadas silty micrite 
70 49572 I07/08  8.87 Upper Dadas micritic siltstone 
71 49573 B08  8.94 Upper Dadas silty micrite 
72 49574 I08/09  8.98 Upper Dadas micritic siltstone 
73 49575 B09  9.01 Upper Dadas silty micrite 
74 49576 I09/10  9.04 Upper Dadas micritic siltstone 
75 49577 B10  9.12 Upper Dadas silty micrite 
76 49578 I10/11  9.21 Upper Dadas micritic siltstone 
77 49579 B11  9.30 Upper Dadas silty micrite 
78 49580 I11/12  9.37 Upper Dadas micritic siltstone 
79 49581 B12  9.42 Upper Dadas silty micrite 
80 49582 I12/13  9.46 Upper Dadas micritic siltstone 
81 49583 B13  9.51 Upper Dadas sandy micrite 
82 49584 I13/14  9.70 Upper Dadas micritic siltstone 
83 49585 B14  9.76 Upper Dadas sandy micrite 
84 49586 I14/15  9.83 Upper Dadas micritic siltstone 
85 49587 B15  9.92 Upper Dadas silty micrite 
86 49588 I15/16  9.98 Upper Dadas micritic siltstone 
87 49589 B16  10.05 Upper Dadas silty micrite 
88 49590 I16/17  10.13 Upper Dadas silty micrite 
89 49591 B17  10.19 Upper Dadas silty micrite 
90 49592 I17/18  10.23 Upper Dadas micritic siltstone 
91 49593 B18  10.28 Upper Dadas silty micrite 
92 49594 I18/19  10.32 Upper Dadas micritic siltstone 
93 49595 B19  10.35 Upper Dadas silty micrite 
94 49596 I19/20  10.39 Upper Dadas micritic siltstone 
95 49597 B20  10.41 Upper Dadas silty micrite 
96 49598 I20/21  10.50 Upper Dadas silty micrite/dolomite 
97 49599 B21  10.56 Upper Dadas silty micrite 
98 49600 I21/22  10.59 Upper Dadas micritic siltstone 
99 49601 B22  10.61 Upper Dadas silty micrite 
100 49602 I22/23  10.67 Upper Dadas micritic siltstone 
101 49603 B23  10.75 Upper Dadas silty micrite 
102 49604 I23/24  10.85 Upper Dadas dolomitic siltstone 
103 49605 B24  10.96 Upper Dadas silty micrite 
104 49606 I24/25  11.06 Upper Dadas dolomitic siltstone 
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No. 
 
E-No. 
 
Sample 
 
Sample Level 
[m] 
Formation 
 
Description/ 
Classification after MOUNT (1985) 
105 49607 B25  11.25 Upper Dadas sandy micrite/dolomite 
106 49608 I25/26  11.42 Upper Dadas silty dolomite 
107 49609 B26  11.56 Upper Dadas silty dolomite 
108 49610 I26/27  11.76 Upper Dadas silty dolomite 
109 49611 B27  11.85 Upper Dadas silty dolomite 
110 49612 I27/28  11.92 Upper Dadas silty/sandy dolomite 
111 49613 B28  12.03 Upper Dadas dolomitic siltstone 
112 49614 I28/29  12.11 Upper Dadas dolomitic siltstone 
113 49615 B29  12.30 Upper Dadas dolomitic siltstone 
114 49616 I29/30  12.45 Upper Dadas silty dolomite 
115 49617 B30  12.58 Upper Dadas silty dolomite 
116 49618 I30/31  12.62 Upper Dadas silty dolomite 
117 49619 B31  12.75 Upper Dadas silty dolomite 
118 49620 I31/32a  12.82 Upper Dadas silty dolomite 
119 49621 B32a  12.93 Upper Dadas silty/sandy dolomite 
120 49622 B32b  13.05 Upper Dadas silty/sandy dolomite 
121 49623 I32b/33  13.14 Upper Dadas sandy dolomite 
122 49624 B33  13.18 Upper Dadas dolomitic siltstone 
123 49625 I33/34  13.35 Upper Dadas silty dolomite 
124 49626 B34  13.41 Upper Dadas silty/sandy dolomite 
125 49627 I34/35  13.45 Upper Dadas silty/sandy dolomite 
126 49628 B35  13.55 Upper Dadas dolomitic siltstone 
127 49629 I35/36  13.63 Upper Dadas silty/sandy dolomite 
128 49630 B36  13.77 Upper Dadas dolomitic siltstone 
129 49631 I36/37  13.82 Upper Dadas silty/sandy dolomite 
130 49632 B37  13.86 Upper Dadas dolomitic siltstone/sandstone 
131 49633 I37/38  14.00 Upper Dadas silty/sandy dolomite 
132 49634 B38  14.23 Upper Dadas sandstone 
133 49635 I38/39  14.32 Upper Dadas silty/sandy dolomite 
134 49636 B39  14.36 Upper Dadas silty to sandy dolomite 
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E-No. Sample Input Weight Tare Brutto Netto 
Total 
Carbonates 
Carbonate Range 
(LECO) 
Sum 
Carbonates(XRD) 
  [g] [g] [g] [g] [w-.%] [g] [w-.%] 
Dolomite-
Calcite [w.-%] [w.-%] 
50558 Ia02/03 123.2 491.2 606.2 115.0 93.3 8.3 6.7 2.6-2.8 2.8 
49551 B02 144.6 489.0 506.1 17.1 11.8 127.5 88.2 78.1-84.9 84.3 
49553 B02a 17.4 171.1 172.4 1.2 7.1 16.2 92.9 83.3-90.5 92.5 
49555 I02a/02b 146.3 489.1 619.1 130.0 88.9 16.3 11.1 5.1-5.6 6.6 
49557 I02b/03 20.6 254.6 272.9 18.3 88.9 2.3 11.1 4.6-5.0 6.7 
49558 B03 54.4 546.7 566.7 20.0 36.7 34.4 63.3 57.1-62.1 78.4 
49559 I03/04a 99.2 487.9 580.5 92.6 93.3 6.6 6.7 4.1-4.5 9.7 
49560 B04a 58.1 519.2 529.7 10.5 18.0 47.7 82.0 75.2-81.7 86.4 
49561 B04b 28.0 510.7 518.2 7.6 27.0 20.4 73.0 66.1-71.9 81.4 
49562 I04b/05 15.2 519.1 527.5 8.4 55.3 6.8 44.7 34.4-37.4 39.4 
49563 B05 82.5 510.5 524.1 13.6 16.5 69.0 83.5 65.5-71.2 82.3 
49564 B05a 97.7 491.2 517.8 26.6 27.3 71.0 72.7 78.9-85.8 84.1 
49566 B05b 120.6 518.9 539.2 20.2 16.8 100.3 83.2 74.3-80.8 80.4 
49567 B05c 42.1 518.9 527.1 8.2 19.4 33.9 80.6 74.9-81.4 84.7 
49568 B05d 117.6 508.3 528.4 20.1 17.1 97.5 82.9 78.8-85.7 87.9 
49569 B06 70.3 519.2 532.4 13.2 18.7 57.1 81.3 78.2-85.0 86.8 
49571 B07 69.4 546.7 562.9 16.3 23.4 53.1 76.6 66.0-71.7 77.1 
49572 I07/08 48.7 510.5 537.0 26.5 54.5 22.1 45.5 33.0-35.9 39 
49573 B08 78.7 478.6 496.3 17.8 22.6 60.9 77.4 71.9-78.2 82 
49574 I08/09 53.1 491.4 524.9 33.5 63.1 19.6 36.9 36.1-39.3 37.7 
49575 B09 59.9 491.4 506.3 15.0 25.0 45.0 75.0 67.4-73.3 76.9 
49576 I09/10 101.9 489.0 545.9 56.9 55.8 45.0 44.2 35.7-38.8 36.7 
49577 B10 102.8 508.3 532.3 23.9 23.3 78.8 76.7 71.5-77.7 79.3 
49578 I10/11 113.3 489.1 547.0 57.9 51.1 55.4 48.9 46.4-50.4 44.4 
49581 B12 53.0 478.6 493.9 15.3 29.0 37.6 71.0 64.6-70.2 74.8 
49582 I12/13 36.1 519.0 539.6 20.6 57.0 15.5 43.0 34.4-37.2 36.6 
49583 B13 73.8 510.5 530.2 19.7 26.7 54.2 73.3 60.7-66.0 67.2 
49584 I13/14 78.9 491.1 530.1 39.0 49.4 40.0 50.6 43.1-46.9 48.6 
49587 B15 70.0 492.8 511.1 18.3 26.1 51.7 73.9 66.9-72.7 72.7 
49588 I15/16 140.7 508.3 572.8 64.5 45.9 76.2 54.1 44.5-48.3 49.7 
49589 B16 50.3 510.6 533.1 22.5 44.8 27.8 55.2 49.4-53.7 54.6 
49590 I16/17 218.5 488.9 593.3 104.4 47.8 114.1 52.2 54.6-59.4 60.7 
49591 B17 71.9 510.4 526.6 16.2 22.5 55.7 77.5 69.5-75.5 78.2 
49593 B18 65.0 510.5 527.5 17.0 26.1 48.0 73.9 70.1-76.2 78.6 
49594 I18/19 81.1 508.3 552.0 43.7 53.9 37.4 46.1 40.2-43.6 45.4 
49595 B19 101.1 508.3 531.1 22.9 22.6 78.2 77.4 70.8-77.0 81.5 
49596 I19/20 90.9 508.3 558.5 50.2 55.2 40.7 44.8 39.8-43.3 41.5 
49597 B20 58.8 508.3 523.0 14.7 24.9 44.2 75.1 71.4-77.6 76.7 
49598 I20/21 124.8 489.1 556.6 67.6 54.1 57.2 45.9 49.6-53.9 52.8 
49599 B21 97.8 546.8 574.6 27.8 28.5 70.0 71.5 67.4-73.3 75.6 
49600 I21/22 63.0 478.7 510.5 31.8 50.5 31.2 49.5 45.5-49.4 46.6 
49601 B22 67.7 510.4 537.8 27.3 40.4 40.3 59.6 64.4-70.0 67.3 
49603 B23 161.2 489.0 542.6 53.6 33.3 107.6 66.7 52.1-56.6 58.9 
49604 I23/24 58.4 254.6 282.5 28.0 47.9 30.4 52.1 47.9-52.1 49.3 
49605 B24 90.5 518.9 545.0 26.1 28.8 64.4 71.2 68.0-73.9 75.3 
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E-No. Sample Input Weight Tare Brutto Netto 
Total 
Carbonates 
Carbonate Range 
(LECO) 
Sum 
Carbonates(XRD) 
  [g] [g] [g] [g] [w-.%] [g] [w-.%] 
Dolomite-
Calcite [w.-%] [w.-%] 
49606 I24/25 153.2 508.3 590.7 82.4 53.8 70.8 46.2 41.2-44.8 45.8 
49607 B25 68.8 546.7 571.7 25.0 36.3 43.8 63.7 51.6-56.1 51.6 
49608 I25/26 168.8 478.4 541.9 63.5 37.6 105.3 62.4 61.5-66.8 63.9 
49609 B26 162.5 519.2 581.6 62.4 38.4 100.1 61.6 68.6-74.6 67.7 
49610 I26/27 63.6 510.4 539.9 29.5 46.5 34.0 53.5 57.9-63.0 59.6 
49611 B27 63.0 518.9 536.7 17.7 28.1 45.3 71.9 69.6-75.7 69.7 
49612 I27/28 60.6 478.6 500.7 22.1 36.5 38.5 63.5 53.7-58.4 56 
49613 B28 103.4 508.4 552.2 43.8 42.4 59.6 57.6 49.9-54.3 47.3 
49616 I29/30 149.2 478.7 530.3 51.6 34.6 97.5 65.4 55.6-60.5 60.3 
49617 B30 77.2 491.1 515.5 24.4 31.6 52.9 68.4 73.0-79.4 78.8 
49618 I30/31 55.8 246.2 271.4 25.2 45.2 30.6 54.8 46.3-50.3 52.1 
49619 B31 92.7 491.5 522.6 31.2 33.6 61.6 66.4 61.4-66.7 64.9 
49620 I31/32a 58.4 253.1 279.0 25.9 44.3 32.5 55.7 52.6-57.2 60.4 
49621 B32a 57.3 519.1 544.9 25.7 45.0 31.5 55.0 56.5-61.4 54.7 
49622 B32b 62.2 491.7 513.9 22.3 35.8 39.9 64.2 67.1-72.9 70.7 
49624 B33 112.6 546.8 619.9 73.2 65.0 39.5 35.0 36.6-39.8 36.7 
49625 I33/34 43.8 478.7 496.9 18.2 41.7 25.5 58.3 67.4-73.3 70.2 
49627 I34/35 63.9 492.6 510.6 18.0 28.1 45.9 71.9 66.5-72.3 72.4 
49629 I35/36 129.6 492.8 544.3 51.5 39.8 78.1 60.2 55.1-59.9 61.6 
49634 B38 147.5 489.0 513.0 24.0 16.2 123.6 83.8 6.0-6.5 7.8 
49636 B39 154.0 510.5 562.5 52.0 33.8 102.0 66.2 58.2-63.3 62.6 
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E-No. Sample Level  δ13Ccarb Deviation δ18Ocarb Deviation 
    [m] [PDB] (δ13Ccarb) [PDB] (δ18Ocarb)  
49550 B01 5.66 -2.45 0.03 -4.97 -0.21 
49551 B02 5.92 -2.31 -0.08 -3.24 0.35 
49552 I02/02a 6.45 -0.70 -0.18 -1.98 -0.01 
49553 B02a 6.55 -1.11 -0.05 -5.38 0.10 
49555 I02a/02b 6.83 -1.60 -0.10 -2.63 0.28 
49556 B02b 7.04 -1.87 -0.19 -5.25 0.28 
49558 B03 7.28 -1.06 -0.17 -5.85 0.14 
49560 B04a 7.53 -1.20 0.04 -5.70 0.02 
49561 B04b 7.84 -0.95 -0.03 -6.13 0.20 
49562 I04b/05 7.92 -1.72 -0.11 -3.28 0.17 
49563 B05 7.99 -1.06 -0.05 -5.74 -0.15 
49564 B05a 8.10 -0.80 -0.18 -6.05 -0.10 
49565 I05a/05b 8.23 -1.47 0.01 -4.05 0.06 
49566 B05b 8.34 -1.00 -0.05 -5.82 -0.04 
49567 B05c 8.42 -1.08 0.12 -5.52 -0.06 
49568 B05d 8.52 -1.07 -0.04 -5.29 0.40 
49569 B06 8.59 -0.94 0.06 -5.76 0.03 
49570 I06/07 8.70 -1.54 0.00 -4.21 -0.14 
49571 B07 8.80 -0.85 0.06 -5.46 0.04 
49572 I07/08  8.87 -1.63 0.02 -4.35 -0.03 
49573 B08  8.94 -1.17 0.07 -5.59 0.28 
49574 I08/09 8.98 -1.78 0.05 -4.58 0.08 
49576 I09/10  9.04 -1.59 -0.03 -4.25 -0.03 
49577 B10  9.12 -1.00 -0.05 -5.64 0.01 
49578 I10/11  9.21 -1.53 0.09 -4.98 0.01 
49580 I11/12  9.37 -1.93 0.05 -4.82 -0.02 
49582 I12/13 9.46 -1.58 0.08 -4.42 -0.36 
49584 I13/14  9.70 -1.06 0.03 -4.07 -0.39 
49585 B14  9.76 -0.68 -0.03 -5.61 0.07 
49586 I14/15  9.83 -0.76 0.10 -3.04 0.26 
49587 B15  9.92 -0.74 -0.05 -5.41 -0.01 
49588 I15/16  9.98 -0.77 -0.03 -2.86 -0.03 
49589 B16  10.05 -1.47 0.08 -6.01 0.20 
49592 I17/18  10.23 -0.65 -0.02 -3.12 -0.22 
49593 B18  10.28 -1.15 -0.04 -5.59 -0.11 
49594 I18/19  10.32 -0.76 0.06 -3.64 -0.04 
49595 B19  10.35 -1.08 -0.04 -6.08 0.10 
49596 I19/20  10.39 -0.74 0.06 -3.39 -0.07 
49597 B20  10.41 -1.13 -0.09 -5.23 0.17 
49598 I20/21  10.50 -0.78 0.01 -3.90 0.09 
49599 B21  10.56 -0.87 0.01 -5.48 -0.10 
49600 I21/22  10.59 -0.70 -0.01 -3.24 -0.25 
49601 B22  10.61 -1.17 0.02 -4.85 -0.13 
49602 I22/23  10.67 -0.93 0.07 -3.09 -0.04 
49603 B23  10.75 -1.11 0.08 -4.37 -0.02 
49604 I23/24  10.85 -1.10 0.11 -3.88 0.14 
49605 B24  10.96 2.40 0.11 -6.35 0.33 
49606 I24/25  11.06 2.72 -0.12 -6.53 -0.33 
49608 I25/26  11.42 -0.72 0.04 -3.98 0.07 
49609 B26  11.56 -1.40 0.05 -6.11 -0.07 
49610 I26/27  11.76 -0.89 -0.10 -4.10 0.04 
49611 B27  11.85 -1.20 -0.03 -5.10 0.29 
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E-No. Sample Level  δ13Ccarb Deviation δ18Ocarb Deviation 
    [m] [PDB] (δ13Ccarb) [PDB] (δ18Ocarb)  
49612 I27/28  11.92 -0.87 -0.08 -4.03 -0.09 
49613 B28  12.03 -0.95 -0.02 -5.33 0.00 
49614 I28/29  12.11 -0.58 0.05 -3.64 -0.12 
49615 B29  12.30 -0.59 -0.02 -4.43 0.19 
49616 I29/30  12.45 -0.98 -0.02 -3.97 -0.03 
49617 B30  12.58 -1.07 0.00 -4.32 0.00 
49618 I30/31  12.62 -0.81 -0.03 -3.24 0.17 
49619 B31  12.75 -1.06 -0.10 -4.24 0.16 
49620 I31/32a  12.82 -0.91 0.00 -3.76 -0.14 
49621 B32a  12.93 -0.98 -0.11 -4.52 -0.15 
49622 B32b  13.05 -0.62 -0.08 -2.91 -0.10 
49623 I32b/33  13.14 -1.18 -0.01 -4.54 0.07 
49624 B33  13.18 -0.81 0.08 -3.72 0.00 
49625 I33/34  13.35 -0.56 -0.01 -3.57 -0.15 
49626 B34  13.41 -1.21 0.00 -3.98 0.02 
49627 I34/35  13.45 -0.83 0.04 -4.10 0.16 
49628 B35  13.55 -1.30 0.19 -4.54 0.15 
49629 I35/36  13.63 -0.93 0.09 -4.15 0.03 
49630 B36  13.77 -1.47 -0.02 -5.43 -0.09 
49631 I36/37  13.82 -1.08 0.18 -4.09 0.23 
49632 B37  13.86 -1.49 0.10 -4.65 0.23 
49634 B38  14.23 -0.64 -0.07 -3.68 -0.15 
49635 I38/39  14.32 -0.24 -0.03 -2.06 -0.14 
49636 B39  14.36 -0.38 -0.13 -3.49 -0.12 
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Appendix A.8  Particle-size distributions Outcrop Fetlika (SE Turkey) 
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E-No. Sample Depth  Magnetic Susceptibility Magnetic Susceptibility 
    [m] [m3/kg] (normalised by mean) 
49550 B01 5.66 6.25E-08 0.68 
49551 B02 5.92 1.29E-07 1.39 
49552 I02/02a 6.45 9.86E-08 1.07 
49553 B02a 6.55 1.11E-07 1.20 
49555 I02a/02b  6.83 1.11E-07 1.20 
49556 B02b  7.04 6.58E-08 0.71 
49557 I02b/03  7.15 8.65E-08 0.93 
49558 B03  7.28 6.42E-08 0.69 
49559 I03/04a  7.47 7.24E-08 0.78 
49560 B04a  7.53 7.23E-08 0.78 
49561 B04b  7.84 5.52E-08 0.60 
49562 I04b/05  7.92 9.67E-08 1.04 
49563 B05  7.99 6.58E-08 0.71 
49564 B05a  8.1 5.66E-08 0.61 
49565 I05a/05b  8.23 8.44E-08 0.91 
49566 B05b  8.34 3.76E-08 0.41 
49567 B05c  8.42 4.92E-08 0.53 
49568 B05d  8.52 6.59E-08 0.71 
49569 B06  8.59 8.44E-08 0.91 
49570 I06/07  8.7 7.18E-08 0.78 
49571 B07  8.8 5.80E-08 0.63 
49572 I07/08  8.87 7.38E-08 0.80 
49573 B08  8.94 6.20E-08 0.67 
49574 I08/09  8.98 7.03E-08 0.76 
49575 B09  9.01 6.39E-08 0.69 
49576 I09/10  9.04 7.67E-08 0.83 
49577 B10  9.12 6.84E-08 0.74 
49578 I10/11  9.21 7.10E-08 0.77 
49579 B11  9.3 6.14E-08 0.66 
49580 I11/12  9.37 7.47E-08 0.81 
49581 B12  9.42 6.11E-08 0.66 
49582 I12/13  9.46 7.80E-08 0.84 
49583 B13  9.51 1.34E-07 1.45 
49584 I13/14  9.7 7.03E-08 0.76 
49585 B14  9.76 8.83E-08 0.95 
49586 I14/15  9.83 8.21E-08 0.89 
49587 B15  9.92 5.58E-08 0.60 
49588 I15/16  9.98 1.01E-07 1.09 
49589 B16  10.05 1.42E-07 1.53 
49590 I16/17  10.13 6.15E-08 0.66 
49591 B17  10.19 6.33E-08 0.68 
49592 I17/18  10.23 7.55E-08 0.82 
49593 B18  10.28 7.24E-08 0.78 
49594 I18/19  10.32 7.86E-08 0.85 
49595 B19  10.35 6.69E-08 0.72 
49596 I19/20  10.39 8.39E-08 0.91 
49597 B20  10.41 5.57E-08 0.60 
49598 I20/21  10.5 7.79E-08 0.84 
49599 B21  10.56 6.69E-08 0.72 
49600 I21/22  10.59 8.44E-08 0.91 
49601 B22  10.61 7.14E-08 0.77 
49602 I22/23  10.67 9.26E-08 1.00 
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E-No. Sample Depth  Magnetic Susceptibility Magnetic Susceptibility 
    [m] [m3/kg] (normalised by mean) 
49603 B23  10.75 7.87E-08 0.85 
49604 I23/24  10.85 9.03E-08 0.98 
49605 B24  10.96 6.41E-08 0.69 
49606 I24/25  11.06 8.38E-08 0.91 
49607 B25  11.25 1.78E-07 1.92 
49608 I25/26  11.42 9.33E-08 1.01 
49609 B26  11.56 1.16E-07 1.25 
49610 I26/27  11.76 8.99E-08 0.97 
49611 B27  11.85 8.09E-08 0.87 
49612 I27/28  11.92 8.47E-08 0.91 
49613 B28  12.03 1.03E-07 1.11 
49614 I28/29  12.11 7.34E-08 0.79 
49615 B29  12.3 7.47E-08 0.81 
49616 I29/30  12.45 7.93E-08 0.86 
49617 B30  12.58 8.13E-08 0.88 
49618 I30/31  12.62 7.95E-08 0.86 
49619 B31  12.75 9.59E-08 1.04 
49620 I31/32a  12.82 8.06E-08 0.87 
49621 B32a  12.93 1.84E-07 1.99 
49622 B32b  13.05 9.73E-08 1.05 
49623 I32b/33  13.14 8.95E-08 0.97 
49624 B33  13.18 2.13E-07 2.30 
49625 I33/34  13.35 1.13E-07 1.22 
49626 B34  13.41 9.94E-08 1.07 
49627 I34/35  13.45 9.24E-08 1.00 
49628 B35  13.55 1.56E-07 1.69 
49629 I35/36  13.63 9.17E-08 0.99 
49630 B36  13.77 2.32E-07 2.51 
49631 I36/37  13.82 8.86E-08 0.96 
49632 B37  13.86 1.80E-07 1.94 
49633 I37/38  14 8.62E-08 0.93 
49634 B38  14.23 4.16E-07 4.49 
49635 I38/39  14.32 1.01E-07 1.09 
49636 B39  14.36 1.09E-07 1.18 
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Appendix A.10  Bulk organic geochemical data Outcrop Fetlika (SE Turkey) 
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No. 
 
E-No. 
 
Sample 
 
Depth 
[m] 
Formation 
 
Description/ 
Classification after MOUNT (1985) 
1 50748 CFe1 -85.47 Middle Dadas shale 
2 50749 CFe2 -85.10 Middle Dadas shale 
3 50750 CFe3 -84.87 Middle Dadas shale 
4 50751 CFe4 -83.96 Middle Dadas micritic siltstone 
5 50752 CFe5 -83.66 Middle Dadas micritic/dolomitic siltstone 
6 50753 CFe6 -83.20 Middle Dadas micritic/dolomitic siltstone 
7 50754 CFe7 -82.90 Middle Dadas siltstone 
8 50755 CFe8 -82.10 Middle Dadas micritic/dolomitic siltstone 
9 50756 CFe9 -81.40 Middle Dadas siltstone 
10 50757 CFe10 -80.90 Middle Dadas siltstone 
11 50758 CFe11 -80.15 Middle Dadas siltstone 
12 50759 CFe12 -79.35 Middle Dadas silty micrite 
13 50760 CFe13 -78.20 Middle Dadas mudshale 
14 50761 CFe14 -77.10 Middle Dadas siltstone 
15 50762 CFe15 -76.10 Middle Dadas micritic siltstone 
16 50763 CFe16 -75.65 Middle Dadas siltstone 
17 50764 CFe17 -74.40 Middle Dadas siltstone 
18 50765 CFe18 -72.70 Middle Dadas micritic siltstone 
19 50766 CFe19 -69.45 Middle Dadas siltstone 
20 50767 CFe20 -68.60 Middle Dadas siltstone 
21 50768 CFe21 -67.45 Middle Dadas siltstone 
22 50769 CFe22 -65.90 Middle Dadas siltstone 
23 50770 CFe22a -65.79 Middle Dadas dolomitic siltstone 
24 50771 CFe23 -65.65 Middle Dadas micritic/dolomitic siltstone 
25 50772 CFe24 -65.00 Middle Dadas siltstone 
26 50773 CFe25 -63.95 Middle Dadas sandy micrite/dolomite 
27 50774 CFe26 -62.75 Middle Dadas siltstone 
28 50775 CFe27 -61.60 Middle Dadas silty micrite/dolomite 
29 50776 CFe28a -61.14 Middle Dadas micritic/dolomitic siltstone 
30 50777 CFe28 -60.60 Middle Dadas micritic/dolomitic siltstone 
31 50778 CFe29 -60.45 Middle Dadas micritic/dolomitic siltstone 
32 50779 CFe30 -59.75 Middle Dadas micritic/dolomitic siltstone 
33 50780 CFe31 -58.48 Middle Dadas dolomitic sandstone 
34 50781 CFe32 -58.20 Middle Dadas dolomitic sandstone 
35 50782 CFe33 -55.50 Middle Dadas dolomitic sandstone 
36 50783 CFe34 -54.70 Middle Dadas dolomitic sandstone 
37 50784 CFe35 -53.55 Upper Dadas silty micrite/dolomite 
38 50785 CFe36a -53.40 Upper Dadas dolomitic siltstone 
39 50786 CFe36 -53.10 Upper Dadas micritic/dolomitic siltstone 
40 50787 CFe37 -51.95 Upper Dadas micritic/dolomitic siltstone 
41 50788 CFe38 -51.80 Upper Dadas micritic/dolomitic siltstone 
42 50789 CFe39 -51.60 Upper Dadas silty micrite/dolomite 
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No. 
 
E-No. 
 
Sample 
 
Depth 
[m] 
Formation 
 
Description/ 
Classification after MOUNT (1985) 
43 50790 CFe40 -51.30 Upper Dadas silty micrite/dolomite 
44 50791 CFe41 -51.04 Upper Dadas micritic/dolomitic siltstone 
45 50792 CFe42 -50.57 Upper Dadas silty micrite 
46 50793 CFe43 -50.35 Upper Dadas micritic/dolomitic siltstone 
47 50794 CFe44 -49.90 Upper Dadas micritic/dolomitic siltstone 
48 50795 CFe45 -49.65 Upper Dadas micritic/dolomitic siltstone 
49 50796 CFe46 -49.20 Upper Dadas dolomitic siltstone 
50 50797 CFe47 -48.62 Upper Dadas dolomitic siltstone 
51 50798 CFe48 -48.55 Upper Dadas micritic siltstone 
52 50799 CFe49 -48.00 Upper Dadas silty dolomite 
53 50800 CFe50 -47.85 Upper Dadas dolomitic siltstone 
54 50801 CFe51 -47.52 Upper Dadas dolomitic siltstone 
55 50802 CFe52 -47.48 Upper Dadas silty dolomite 
56 50803 CFe53 -47.24 Upper Dadas silty dolomite 
57 50804 CFe54 -47.10 Upper Dadas silty dolomite 
58 50805 CFe55 -46.65 Upper Dadas silty dolomite 
59 50806 CFe56 -46.10 Upper Dadas dolomitic siltstone 
60 50807 CFe57 -46.00 Upper Dadas silty dolomite 
61 50808 CFe58 -45.45 Upper Dadas silty dolomite 
62 50809 CFe59 -45.10 Upper Dadas silty dolomite 
63 50810 CFe60 -44.52 Upper Dadas dolomitic sandstone 
64 50811 CFe61 -44.10 Upper Dadas silty/sandy dolomite 
65 50812 CFe62 -43.52 Upper Dadas sandy dolomite 
66 50813 CFe63a -43.35 Upper Dadas silty/sandy dolomite 
67 50814 CFe63 -43.10 Upper Dadas silty/sandy dolomite 
68 50815 CFe64 -42.65 Upper Dadas sandy dolomite 
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E-No. Sample In Sn Sb Cs Ba Hf Ta W Re Ir Tl Pb Th U 
    [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] 
Error [%] 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
50749 CFe02 0.1 67.7 <0.6 9.6 507.7 4.5 1.6 4.1 <0.007 <0.03 0.8 23.3 21.1 3.7 
50757 CFe10 0.1 61.0 <0.6 8.2 542.1 6.4 1.2 3.7 <0.007 <0.03 0.6 23.0 20.6 3.6 
50761 CFe14 0.1 54.4 <0.6 9.2 481.9 4.4 1.8 3.6 <0.007 <0.03 0.9 21.9 18.3 3.7 
50764 CFe17 <0.07 56.8 <0.06 8.1 525.2 6.6 1.2 4.5 <0.007 <0.03 0.7 23.7 19.9 3.6 
50766 CFe19 < 0.07 83.7 <0.6 10.1 486.3 5.6 1.5 5.6 <0.007 <0.03 0.7 24.2 23.8 4.0 
50768 CFe21 0.2 47.7 <0.6 8.7 459.3 5.8 1.4 3.7 <0.007 <0.03 1.3 29.5 21.8 5.2 
50769 CFe22 <0.07 71.9 0.5 9.0 447.6 6.4 1.3 7.2 <0.007 <0.03 0.7 27.4 25.4 4.3 
50770 CFe22a 0.3 64.8 <0.6 6.7 400.1 4.6 1.0 3.5 <0.007 <0.03 0.5 20.2 19.7 2.9 
50775 CFe27 0.1 26.3 <0.3 3.1 249.5 6.5 0.8 2.4 <0.007 <0.03 0.3 14.3 13.2 2.9 
50778 CFe29 <0.07 69.4 0.7 7.0 392.2 5.4 1.3 3.1 <0.007 <0.03 0.4 17.9 19.8 2.8 
50779 CFe30 0.1 48.4 <0.6 6.0 390.0 5.7 1.6 2.5 <0.007 <0.03 0.6 17.0 14.5 2.8 
50782 CFe33 < 0.07 750.9 <0.6 2.4 446.9 10.7 0.7 2.2 <0.007 < 0.03 0.3 47.6 14.8 2.4 
50785 CFe36a < 0.07 76.7 0.6 6.4 592.5 4.2 1.5 3.0 0.0 0.2 0.7 17.7 13.0 7.9 
50788 CFe38 < 0.07 41.1 <0.6 4.6 794.0 2.9 0.9 2.0 <0.007 <0.03 0.4 12.9 8.4 2.1 
50793 CFe43 <0.07 46.0 <0.6 3.6 827.7 2.2 0.8 2.0 <0.007 0.2 0.3 13.6 7.2 1.8 
50797 CFe47 <0.07 31.7 <0.6 3.1 871.9 3.7 0.7 2.1 <0.007 <0.03 0.3 14.8 7.7 2.0 
50804 CFe54 0.1 38.7 <0.6 2.7 508.3 2.9 0.7 1.8 <0.007 <0.03 0.3 12.2 6.2 1.8 
50808 CFe58 <0.07 28.9 <0.6 1.6 544.5 2.7 0.5 1.4 <0.007 0.1 0.2 8.8 4.9 1.6 
50812 CFe62 <0.07 16.0 <0.6 1.0 654.4 3.0 0.4 1.7 <0.007 <0.03 0.2 10.7 4.8 1.8 
50815 CFe64 <0.07 21.0 <0.6 1.6 333.4 4.6 0.5 1.9 <0.007 0.1 0.2 9.6 6.1 1.9 
 
 
 
E-No. Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
    [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] 
Error [%] 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
50749 CFe02 24.8 89.8 11.7 45.2 16.1 1.8 8.8 1.1 6.3 1.1 3.6 0.5 3.6 0.2 
50757 CFe10 22.3 91.3 12.6 51.0 18.1 1.9 10.1 1.2 7.4 1.2 4.1 0.5 3.9 0.2 
50761 CFe14 34.2 90.3 11.4 42.6 15.0 1.9 8.6 1.1 6.1 1.2 3.5 0.5 3.6 0.2 
50764 CFe17 31.2 87.9 12.4 50.3 18.0 1.9 10.1 1.2 7.6 1.2 4.2 0.5 4.0 0.2 
50766 CFe19 24.7 80.1 10.8 42.4 14.7 1.5 8.0 0.9 5.8 0.9 3.3 0.4 3.2 0.2 
50768 CFe21 24.4 86.6 11.6 43.5 13.5 1.3 7.1 0.7 5.3 0.8 3.1 0.4 3.2 0.2 
50769 CFe22 26.1 90.8 12.1 45.6 14.7 1.3 7.6 0.8 5.4 0.8 3.0 0.4 3.2 0.2 
50770 CFe22a 36.2 81.5 11.5 46.3 15.5 1.4 8.5 0.9 6.2 0.9 3.5 0.4 3.4 0.2 
50775 CFe27 27.4 69.6 9.6 40.1 12.8 1.1 7.2 0.7 5.4 0.8 3.0 0.3 2.8 0.1 
50778 CFe29 24.2 66.9 9.6 35.5 10.7 1.0 5.9 0.6 4.5 0.7 2.7 0.3 2.8 0.1 
50779 CFe30 22.6 74.7 8.6 32.0 11.0 1.3 6.3 0.9 4.9 1.0 2.9 0.5 3.0 0.2 
50782 CFe33 17.4 75.1 8.9 36.6 15.9 2.4 11.9 1.7 10.4 2.1 6.5 1.0 6.3 0.4 
50785 CFe36a 19.3 42.8 4.9 17.1 5.3 0.6 2.9 0.4 2.5 0.5 1.9 0.4 2.7 0.2 
50788 CFe38 8.3 31.5 4.2 17.0 6.4 0.7 3.3 0.4 2.5 0.5 1.5 0.2 1.6 0.1 
50793 CFe43 8.5 31.5 3.9 15.7 5.9 0.7 3.0 0.4 2.3 0.5 1.4 0.2 1.5 0.1 
50797 CFe47 9.8 30.4 4.0 16.7 6.6 0.8 3.6 0.5 2.8 0.5 1.7 0.3 1.7 0.1 
50804 CFe54 16.0 22.5 3.2 14.2 5.6 0.6 2.8 0.4 2.3 0.4 1.4 0.2 1.5 0.1 
50808 CFe58 36.8 26.4 3.4 14.3 5.3 0.6 3.0 0.4 2.3 0.5 1.5 0.2 1.5 0.1 
50812 CFe62 17.0 54.2 7.2 31.7 12.6 1.6 7.8 1.0 5.7 1.1 3.0 0.4 2.3 0.1 
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Peak number Compound  Formula Mass Structure Rest 
      
m/z 191      
1 Ts-18α(H),22,29,30-trinorneohopane C27H46 370 I H 
2 Tm-17α(H)-22,29,30-trinorhopane C27H46 370 II H 
3 C29-17α(H),21β(H)-30-norhopane C29H50 398 II C2H5 
4 C29Ts-18α(H)-30-norneohopane C29H50 398 I C2H5 
5 C*30-17α(H)-diahopane C30H52 412 IV CH(CH3)2 
6 C29-17β(H),21α(H)-30-norhopane C29H50 398 V C2H5 
7 C30-17α(H),21β(H)-hopane C30H52 412 II CH(CH3)2 
8 C30-17β(H),21α(H)-hopane C30H52 412 V CH(CH3)2 
9 C31-17α(H),21β(H)-29-homohopane (22S) C31H54 426 II CH(CH3)C2H5 
10 C31-17α(H),21β(H)-29-homohopane (22R) C31H54 426 II CH(CH3)C2H5 
11 C31-17β(H),21α(H)-29-homohopane (22S and 22R) C31H54 426 V CH(CH3)C2H5 
12 C32-17α(H),21β(H)-29-dihomohopane (22S) C32H56 440 II CH(CH3)C3H7 
13 C32-17α(H),21β(H)-29-dihomohopane (22R) C32H56 440 II CH(CH3)C3H7 
14 C33-17α(H),21β(H)-29-trihomohopane (22S) C33H58 454 II CH(CH3)C4H9 
15 C33-17α(H),21β(H)-29-trihomohopane (22R) C33H58 454 II CH(CH3)C4H9 
16 C34-17α(H),21β(H)-29-tetrahomohopane (22S) C34H60 468 II CH(CH3)C5H11 
17 C34-17α(H),21β(H)-29-tetrahomohopane (22R) C34H60 468 II CH(CH3)C5H11 
18 C35-17α(H),21β(H)-29-pentahomohopane (22S) C35H62 482 II CH(CH3)C6H13 
19 C35-17α(H),21β(H)-29-pentahomohopane (22R) C35H62 482 II CH(CH3)C6H13 
20 C20-tricyclic terpane  C20H36 276 VI CH3 
21 C21-tricyclic terpane C21H38 290 VI C2H5 
22 C22-tricyclic terpane C22H40 304 VI C3H7 
23 C23-tricyclic terpane  C23H42 318 VI C4H9 
24 C24-tricyclic terpane  C24H44 332 VI C3H5(CH3)2 
 24* C24-tetracyclic terpane C24H42 330 VII H 
25 C25-tricyclic terpane (22S and 22R) C25H46 346 VI C3H5(CH3)C2H5 
26 C26-tricyclic terpane (22S and 22R) C26H48 360 VI C3H5(CH3)C3H7 
27 C27-tricyclic terpane  C27H50 374 VI C3H5(CH3)C4H9 
28 C28-tricyclic terpane (22S and 22R) C28H52 388 VI C3H5(CH3)C5H11 
29 C29-tricyclic terpane  C29H54 402     VI C3H5(CH3)C4H7(CH3)2 
      
m/z 217      
A1 C27-13β(H),17α(H)-diacholestane (20S) C27H48 372 VIII H 
A2 C27-13β(H),17α(H)-diacholestane (20R) C27H48 372 VIII H 
A3 C27-13α(H),17β(H)-diacholestane (20R) C27H48 372 IX H 
A4 C27-13α(H),17β(H)-diacholestane (20S) C27H48 372 IX H 
A5 C27-5α(H),14α(H),17α(H)-cholestane (20S) C27H48 372 X H 
A6 C27-5α(H),14β(H),17β(H)-cholestane (20R) C27H48 372 XI H 
A8 C27-5α(H),14β(H),17β(H)-cholestane (20S) C27H48 372 XI H 
A8 C27-5α(H),14α(H),17α(H)-cholestane (20R) C27H48 372 XII H 
B1 C28-24-methyl-13β(H),17α(H)-diacholestane (20S) C28H50 386 VIII CH3 
B2 C28-24-methyl-13β(H),17α(H)-diacholestane (20R) C28H50 386 VIII CH3 
B3 C28-24-methyl-13α(H),17β(H)-diacholestane (20R) C28H50 386 IX CH3 
B4 C28-24-methyl-13α(H),17β(H)-diacholestane (20S) C28H50 386 IX CH3 
B5 C28-24-methyl-5α(H),14α(H),17α(H)-cholestane (20S) C28H50 386 X CH3 
B6 C28-24-methyl-5α(H),14β(H),17β(H)-cholestane (20R) C28H50 386 XI CH3 
B7 C28-24-methyl-5α(H),14β(H),17β(H)-cholestane (20S) C28H50 386 XI CH3 
B8 C28-24-methyl-5α(H),14α(H),17α(H)-cholestane (20R) C28H50 386 X CH3 
C1 C29-24-ethyl-13β(H),17α(H)-diacholestane (20S) C29H52 400 VIII C2H5 
C2 C29-24-ethyl-13β(H),17α(H)-diacholestane (20R) C29H52 400 VIII C2H5 
C3 C29-24-ethyl-13α(H),17β(H)-diacholestane (20S) C29H52 400 IX C2H5 
C4 C29-24-ethyl-13α(H),17β(H)-diacholestane (20S) C29H52 400 IX C2H5 
C5 C29-24-ethyl-5α(H),14α(H),17α(H)-cholestane (20S) C29H52 400 X C2H5 
C6 C29-24-ethyl-5α(H),14β(H),17β(H)-cholestane (20R) C29H52 400 XI C2H5 
C7 C29-24-ethyl-5α(H),14β(H),17β(H)-cholestane (20S) C29H52 400 XI C2H5 
C8 C29-24-ethyl-5α(H),14α(H),17α(H)-cholestane (20R) C29H52 400 X C2H5 
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Potential S/D acritarchs and prasinophytes from the Dadaş Formation of SE Turkey (A-D). A1, different acritarchs with various 
morphologic features. A2, Cymbosphaeridium pilar (Cramer) with a subpolygonal excystment opening (A1-A2, scanning 
electron micrographs adopted from MENDELSON, 1993). B1, light micrograph and B2, fluorescence micrograph of embedded 
prasinophyte phycomata observed in the thin-section of microfacies type 3a (see white frame in Fig. 5.6). C1, C2, scanning 
electron micrographs of the genus tasmanites deposited on the bedding planes (sample from the Fetlika-I core interval 
between -69 and -65m depths). D1, fluorescence micrograph displays tasmanites with distinct excystement openings, D2, 
fluorescence micrograph showing hand picked tasmanites without excystment openings (D1, D2 kerogen residue of sample 
CFe21, -67.65m, borehole Fetlika-I, after solvent extraction, see Chapter 2.3). 
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E-No. E 50768 E50775 E50785 E50788 
Sample CFe-21 CFe-27 CFe-36a CFe-38 
Depth [m] -67.45 -61.60 -53.40 -51.80 
Note >63µm >63mm (hp) Extract Residue (hp) >63mm (hp) >63mm (hp) >63mm (hp) 
n-C6* 2106.7 7150.5 7394.5 5243.3 3569.4 6319.0 
n-C6 1489.4 4387.9 4100.7 4358.8 3037.9 4183.9 
n-C7* 1659.7 5755.7 5766.2 4321.9 2700.6 5149.3 
n-C7 1510.0 4864.8 4497.3 4557.1 2895.2 4326.1 
n-C8* 1407.2 5053.3 5026.3 3826.9 2191.3 4658.6 
n-C8 1376.3 4602.6 4540.1 4072.3 2414.8 4323.8 
n-C9* 1160.8 4173.7 4326.5 3055.7 1602.5 3931.2 
n-C9 1114.3 3811.7 3810.4 3372.0 1753.1 3585.1 
n-C10* 1029.5 3879.2 4061.2 2618.4 1263.3 3716.1 
n-C10 929.0 3376.4 3360.3 2860.0 1345.4 3317.9 
n-C11* 823.4 2886.0 3085.8 1948.6 941.5 2827.5 
n-C11 769.5 2596.0 2605.1 2149.9 1024.5 2607.4 
n-C12* 644.3 2115.0 2194.9 1396.6 685.1 2103.7 
n-C12 593.4 1837.1 1806.5 1601.6 654.1 1887.9 
n-C13* 690.0 1843.5 1888.0 1279.2 550.2 1773.7 
n-C13 543.0 1562.7 1585.0 1207.9 566.2 1591.1 
n-C14* 436.1 1287.3 1355.7 847.2 429.0 1277.9 
n-C14 555.6 1374.7 1354.7 1119.3 606.1 1389.5 
n-C15* 390.4 1267.6 1151.7 787.8 437.5 1253.8 
n-C15 352.4 1049.8 1032.4 808.9 332.2 1107.3 
n-C16* 293.9 912.7 959.7 610.1 271.8 910.2 
n-C16 338.4 924.4 915.2 695.8 285.7 934.6 
n-C17* 259.0 835.9 854.5 490.9 208.6 805.3 
n-C17 334.7 793.3 848.3 637.4 254.5 807.0 
n-C18* 235.2 670.6 769.3 410.5 167.1 595.4 
n-C18 242.1 716.0 725.6 547.7 208.1 651.5 
n-C19* 205.7 580.9 688.7 376.8 147.6 531.3 
n-C19 257.8 702.5 769.8 511.5 194.1 676.2 
n-C20* 141.8 503.0 553.2 284.4 89.8 423.7 
n-C20 168.3 544.4 603.7 367.5 123.7 523.3 
n-C21* 117.8 403.3 436.5 219.6 68.2 365.0 
n-C21 139.9 402.1 455.3 273.7 89.3 414.3 
n-C22* 113.3 345.4 393.1 200.9 88.9 353.7 
n-C22 116.4 315.8 384.8 199.9 68.3 350.8 
n-C23* 64.7 222.6 272.1 114.4 34.5 238.7 
n-C23 79.8 227.6 273.3 144.4 36.7 265.2 
n-C24* 55.9 169.4 197.4 80.3 0.0 166.6 
n-C24 70.3 172.2 196.1 104.5 0.0 197.1 
n-C25* 54.6 159.3 165.1 92.0 0.0 157.8 
n-C25 56.1 172.2 167.5 95.6 0.0 171.4 
n-C26* 37.1 109.9 124.5 56.2 0.0 96.2 
n-C26 50.2 140.5 128.8 71.3 0.0 127.1 
n-C27* 30.2 73.8 100.3 31.0 0.0 56.5 
n-C27 42.6 123.2 140.8 75.8 0.0 117.8 
n-C28* 27.1 105.3 88.1 0.0 0.0 75.4 
n-C28 36.3 114.9 103.7 0.0 0.0 97.8 
n-C29* 24.8 64.1 86.6 0.0 0.0 64.1 
n-C29 25.0 57.1 95.6 0.0 0.0 71.5 
n-C30* 26.4 50.8 57.3 0.0 0.0 57.4 
n-C30 33.7 56.9 75.6 0.0 0.0 58.4 
 
* n-alk-1-enes 
hp, handpicked 
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/n
-a
lk
-1
-e
ne
s 
co
nc
en
tra
tio
ns
 [µ
g/
g 
in
iti
al
 w
ei
gh
t] 
n-Alkyl Compounds 
 
Appendix B.14 Tasmanites pyrolysis products Borehole Fetlika-I (SE Turkey) 
 262    
 
E-No. E50768  E50775 E50785 E50788 
Sample CFe-21 CFe-27 CFe-36a CFe-38 
Depth [m] -67.45 -61.60 -53.40 -51.80 
>63µm >63µm (hp) Extract Residue (hp) >63µm (hp) >63µm (hp) >63µm (hp) Note 
concentrations    [µg/g initial weight] 
(a) Benzene 404.9 1722.7 1611.3 716.2 693.5 1379.0 
(b) Toluene 789.2 1794.1 1255.6 1079.0 1190.4 1363.6 
(c) Ethylbenzene 396.5 621.5 472.5 469.5 418.2 539.2 
(d) m+p-Xylene 814.5 1084.8 876.2 897.8 944.9 833.0 
Styrene 216.5 0.0 481.4 0.0 0.0 0.0 
 (e) o-Xylene 501.6 800.8 614.4 640.3 593.9 658.9 
Naphthalene 230.5 483.6 347.2 454.2 304.6 459.6 
2-Methylnaphthalene 476.4 512.7 451.9 506.8 434.4 480.7 
1-Methylnaphthalene 107.9 146.5 113.9 136.5 66.2 114.9 
 
hp, handpicked 
 
 
 
 
 
E-No. E50768 E50775 E50785 E50788 
Sample CFe-21 CFe-27 CFe-36a CFe-38 
Depth [m] -67.45 -61.60 -53.40 -51.80 
>63µm >63µm (hp) Extract Residue (hp) >63µm (hp) >63µm (hp) >63µm (hp) Note 
normalised values [%] 
Gross Composition       
C5+ Resolved Compounds 100 100 100 100 100 100 
C5+ n-Alkyl Compounds 35.3 47.2 46.0 43.3 32.9 48.0 
C5+ Aromatic Compounds 5.8 4.4 3.7 3.6 4.8 3.9 
 
C5+ Resolved Unknown 
Compounds 
58.9 48.4 50.3 53.1 62.4 48.2 
       
Chain Length Distribution       
 
C1-5 Resolved Unknown 
Compounds 
65.2 49.5 47.1 52.6 64.0 48.2 
n-C6-14 Alkanes+Alkenes 28.3 41.9 43.4 40.7 32.5 42.7 
n-C15-32 Alkanes+Alkenes 6.5 8.6 9.5 6.7 3.5 9.1 
 
hp, handpicked 
 
 
 
 
 
Aromatic Compounds 
 
Gross Composition and Chain Length Distribution  
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